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FOREWORD BY THE EDITOR 


It is a great privilege to have the honour of introducing this new JOURNAL 
OF ATMOSPHERIC AND TERRESTRIAL Puysics to its readers. With the growth of 
both the territories of physical science and of the number of workers engaged in 
exploring it, the question of the publication of original scientific material is nowadays 
one of great concern to all. The Learned Societies and Institutions of all countries 
continue their vital services to science by providing established channels of com- 
munication. Yet it cannot be denied that, because of the increasing volume of 
scientific papers and because of the greater specialization of much of our modern 
scientific activity, there is a real need to supplement these general channels of 
publication by others designated to cater for more limited fields of scientific 
interest. This Journal, then, may be counted such a specialized channel of scientific 
publication, although it will be by no means our policy to restrict the ambit of its 


subject matter too narrowly. 


We hope to attract to our columns papers dealing with the whole domain of 
Atmospheric and Terrestrial Physics. During the last quarter of a century the 
use of radio waves for exploring the properties of the atmosphere and of the earth 
has found increasing applications, and it is expected that a certain number of 
papers which will appear in our Journal will deal with the results of the application 


of radio techniques in geophysical exploration; but one must expect that radio 
exploration of, say, the upper atmosphere will be supplemented by measurements 
made in situ by means of automatic apparatus carried in rockets. Papers on 
techniques and apparatus will also be welcomed provided they are such as to assist 
other workers to make geophysical measurements and observations. 


As the composition of the Editorial Board amply demonstrates, it is our inten- 
tion to make this Journal truly international in character. The laboratory of the 
geophysical worker is our own globe itself, and our problems know no national 
boundaries. 


Generally we hope that the Journal will provide a notably speedy medium of 
publication for scientific work within its own field of interest. It is intended that 
issues shall appear, at first, bi-monthly; but issues will be made more frequently 
if this is warranted by the volume of material. Each contributor will be furnished 
with seventy-five off-prints free, and further numbers may be purchased. 


In addition to scientific papers of normal length it is proposed to publish shorter 
communications under the heading of Research Notes. Brief notices describing 
geophysical events of special interest will also be welcomed. 

E.V.A. 
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27-day variations in F, layer critical frequencies 
at Huancayo 


JuLIus BARTELS 


Geophysikalisches Institut University, Géttingen 


(Received 14 February 1950) 


ABSTRACT 

The solar radiation responsible for the production of F, layer ionization is already known to change 
with the 1l-year sunspot cycle. The question has therefore been examined whether analogous changes 
occur in the course of the solar rotation of about 27 days period in cases where the sunspot numbers R 
show appreciable quasi-persistent periodicities. After correcting for lunar tidal influence, variations 
of the type in question have been found in the noon values of fF, for Huancayo, Peru, using the super- 
posed epoch method. Such variations are found to be of the order of 6 to 10%. Changes in fF, 
accompanying changes in R appear to be delayed by about two days, but a scatter analysis by means 
of synchronized harmonic dials throws doubt on the statistical significance of such a lag. The lunar 
tides in the noon values of fF,, examined for comparison, cause total semimensual changes of more 
than 10°% in southern summer, but only 2 to 3° in southern winter. These seasonal changes in the 
lunar tidal effect L(fF,) are much larger than those disclosed in the quantitative effects of changes of 
RonfF,. The use of these results in ionospheric forecasting is briefly discussed. 


THE PREPARATION OF THE OBSERVATIONAL DATA 


The terrestrial effects of solar phenomena are often studied by considering changes 
of annual or monthly averages of solar and terrestrial quantities during the course 
of the 11-year sunspot cycle. Such results may be supplemented by the examination 
of cases where sunspots are unsymmetrically distributed in heliographic longitude 
and where the sun, in the course of a rotation in about 27 days, exhibits, alternatively, 
dises with many spots and with few spots. Such 27-day variations of solar activity 
(R) have, by the application of the superposed-epoch method, been shown to be 
accompanied by similar variations in the intensity of a solar influence W (wave- 
radiation) as inferred from the ranges of the solar-diurnal variation, Sq, in the hori- 
zontal magnetic intensity H at Huancayo, Peru (BARTELS [2]). Analogous results 
are described here for the noon values of the ionospheric critical frequency fF, 
observed at Huancayo. 


The procedure followed resembles that described in the earlier paper cited. 
It involves the following steps: 


(a) From the published hourly fF, values for January 1938 to June 1946 (WELLS 
and BERKNER [11}) daily averages of the 5 hourly values 1000 to 1400 h (Eastern 
Standard Time, 75th meridian) are computed and referred to as noon values. 


(b) The semi-mensual waves due to the lunar ionospheric tide L(fF,) are eli- 
minated using results of an analysis already made [3]. 


(c) Days which were magnetically disturbed by solar particle radiation (P) 
before 1400 h, as indicated by the K-indices (IATME [8]), are omitted; these are 
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27-day variations in F, layer critical frequencies at Huancayo 


mainly days with international magnetic character figure C = 1-7 or higher. In 
addition, the immediately succeeding days were omitted in order to be free from the 
after-effects of such disturbances. Other gaps in the data occur where no records are 
available because of reflection or of absorption by lower layers or for other reasons. 


(d) The material is divided into conventional solar rotation intervals of exactly 
27 days; for example, the first day of rotation No. 1501 is Dec. 28th, 1942. These 
were further divided into intervals of 27/8 days, called eighths of rotations and de- 
signated a, b, ...h. 


(e) Averages of the daily noon values of fF,, corrected for L (fF,) are computed 
for eighths of rotations (eighth-values); for that purpose, gaps in the series are 
bridged by interpolations. 


JS. Winter S Summer 
December January 


Figs. 1 and 2—Typical plots 
of consecutive daily values of 
sunspot-numbers R and of 
noon-values of critical fre- 
quency fF,, (corrected for the 
lunar influence) for southern 


summer (December and Jan- pasate pic a me el pe a 

uary) and southern winter ees ea | Ee eR ios See fe P| aaa WAend 

(June and July), for intervals 

near sunspot-maximum [ 

(1938/39) and near sunspot- ' mt tabse LTT Tt tensed 
minimum (1943/44). ep Sa ee ore ee ee bee ae oe eee 


rotation 
number 


(f) From the eighth-values running averages for 27-day intervals are derived. 


(g) These averages are subtracted from each eighth-value to compute “ eighth- 
deviations ” Af. 

(h) Averages are formed of Af to obtain “three-eighth deviations” A 3 f; 
these are practically equivalent to the deviations of 10-day means from 27-day 
means. 

For comparison, eighth-values, eighth-deviations and three-eighth-deviations 
are available for Ziirich relative sunspot-numbers F# (a unit of R will be denoted 
by z), for solar wave-radiation W as derived from Sq(H) at Huancayo, and for 
solar particle-radiation P based on C values. The tables for these data [2] 
have been continued for R and P up to 1949; W-values end with the end of the 
published magnetic readings, 1944. 


The changes in the course of the 11-year cycle are so great that the values for 
1938/39 (near sunspot-maximum) and for 1943/44 (near minimum) could be plotted 
in the same graph (Figures 1] and 2). The seasonal variation in fF, is clearly seen 
(higher values in summer). But it is difficult to recognize, by mere inspection, 


3 





Julius BARTELS 


clear relations between the day to day changes in R and fF, in Figures 1 and 2. 
This is partly due to the uncertainty in the physical definition of the daily values 
of R, which, as has been already pointed out (BARTELS [2], p. 232), is reflected in 
the day to day variations of sunspot-numbers assigned either by Ziirich (fz) or 
American observatories (R,). For an example of such differences the following 
may be quoted [7], [10]: 

1949 June (Day) 11 12 13 14 15 16 


Rz = 102 86 119 114 85 103 
Rs, = 104 120 143 97 102 123 


It is for this reason that this investigation is based on eighth values and eighth 
deviations. 





1938 
Jin Jul Aug Sep Oct _, Mov. Dec Jan, fe Mar , Apr, May , Jun, Jul , Aug Sep Oct Nov, be, 
Solar rotation number : ike 


‘5 "55 "56 "57 "58 "59 “Won ' 




















Si = 1 1, = ate S 
2“, \ MAA ANN AWA Alay Wal 


Figs. 3 and 4—Eighth-values (that is, eight values per solar rotation of 27 days) for sunspot-numbers F, 
noon-values of critical frequency fF, at Huancayo, and solar particle-radiation P, for two intervals of 
22 rotations each, near sunspot-maximum and near minimum. 


The eighth-values shown in Figures 3 and 4 include intervals for which daily 
values were shown in Figures 1 and 2. The smooth run of the fF,-eighths, especially 
in southern winter, is noteworthy. In P, eighths containing days with storms 
(C = 1:9 or 2:0) are marked by an S. Since such days, along with those with 
C = 17or1°8, were omitted in computing the fF,-eighths, the apparent indepen- 
dence of fF, from P shown in the diagrams refers only to changes of P between 
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C = 00 and 1°6. Similarly it is not easy to infer, from a comparison of the curves 
for R and fF,, those definite relationships for variations within one rotation found 
in the following analysis. 


SYNCHRONIZATION EXPERIMENTS 


The general idea of these statistical experiments has been described in an earlier 
paper [2]. The epochs to be superposed were selected as maxima or minima 
according to A 3R in Experiments Nr. 1 and 3, and according to A 3f in the twin 


1938 
Jun Jul Aug 


Solar rotation number 


Jun Jul Aug Sep Oct J Mor Apr May Jun Jul Aug Sep 
Solar rotation number ——__ 
1507 08 09 1520 2°22 23 


3} 


Figs. 5 and 6—Three-eighths-deviations (=10-days-means minus 27-days-means) for the same intervals 
as in Figures 3 and 4; relative to the scales in Figures 3 and 4, the ordinates are magnified 2-fold in R, 
6-fold in fF, and (5/3) fold in P. 


Exps. Nr. 2 and 4. The rule adopted in selecting pulses in R was that the sum 
of three consecutive values of A3R should deviate from zero by 50z (= 50 
Ziirich units) or more. This gave n = 24 positive pulses for Exp. 1, and 21 
negative pulses for Exp. 3. For the twin experiments (selection in A 3f), 
nearly equal numbers n of epochs were obtained by adopting the rule that the sum 
of three consecutive values of A3f should deviate from zero by 1-1 me/sec 
(1 me/sec = 10® cycles per second) or more; this gave n = 23 positive pulses 
(Exp. 2) and 24 negative pulses (Exp. 4). The selected epochs shown in Figures 
5 and 6 are indicated by triangular marks above the positive pulses and below 
the negative pulses. Figure 7 gives a complete list. 
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Fig. 7—Selected epochs in # and fF, in the solar rotation intervals 1436 to 1546. Encircled symbols 
mark those epochs which were omitted at a later stage (harmonic analysis). 
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Some selected epochs of the same sign in R and fF, occur less than 2 eighths 
apart. A few such “ coincident pulses ” are shown in Figure 5 as 1443 a/b, 1446 c, 
1456 c. In all, 10 positive pulses and 7 negative pulses were found to be coincident 
in the sense defined above, that is, about 3 to 4 pulses out of every 10 selected 
pulses; this indicates already a high degree of correlation between FR and fF,. 

The procedure of synchronization starts with copying, for each selected epoch 
(e.g., eighth 1436b, a positive pulse in R), a row with the eighth-deviations A R 


~— 27 days —e<— 27 days ~—2700ys 
- 0 + 4 +8 


o— 27 ays 
-8 4 +8 m= -¥ 0 ? 








Tf 
Positive pulses 








Fig. 8—Results of syn- 
chronization - experiments 
for sunspot - numbers R 
and critical frequencies 
Nega tiv f¥, at Huancayo. n=num- 

ber of epochs superposed. 


























P selected Sf2 selected 


6 





27-day variations in F, layer critical frequencies at Huancayo 


for 25 consecutive eights, with the selected epoch in the centre, and another row 
with the simultaneous values AfF,. The whole material for Exp. 1, for example, 
consists of two matrices, one for A # and one for AfF,. Each matrix has n = 24 rows, 
one for each selected epoch, numbered k = 1, 2,..., 24, and 25 columns numbered 
eighth — 12, — 11, ..., — 1, 0 (= selected epoch), + 1, + 2, , +12. The 
arithmetic averages of the 25 columns give the “‘ average row ”’; it is smoothed by 
overlapping means, as (a + 6 + c)/3, to obtain the average three-eighths deviations 
shown in Figure 8. This figure giving the main result of this paper, should be com- 
pared with the analogous diagram in the earlier paper [2]. 

Figure 8 suggests that the average selected pulse in one of the phenomena 
compared, F& or fF,, is accompanied by an average pulse of the same sign in the other 
phenomenon. The following scatter analysis determines the quantitative relations, 
and decides whether the slight lag of the pulses in fF, is statistically significant. 


Harmonic ANALYSIS 
In this study every rotation centred at a selected epoch is considered, e.g., the 9 values 
for the eighths — 4 to + 4. A time variable ¢, is chosen, with t, = 0° at the k’th 
selected epoch, and increasing from — 180° to + 180° during the rotation con- 
sidered. Harmonic analy- 
sis yields 8, COs (t, — O;) +f selected JF2 coordinated 
for the selected pulse and - e My 
} 
| 





c, cos (t, — y,) for the co- 
ordinated pulse. It is con- 
venient to apply the signs 
(plus and minus) of the 
selected pulses to the am- 
plitudes s, as well as c;,, so 
that phase angles o,, near 
zero will prevail for the 
selected pulses. 

The usual harmonic dial 
representation (CHAPMAN : a 
and BarTELs [6], p. 563) 4 ste. 
for Exp. 1, with positive Fig. 9—Harmonic dials for Experiment No. 1. 
pulses selected in R (Fig- 
ure 9), shows, in the dial for R (left), the 24 individual selected pulses by as many 
dots as end points of vectors determined by their lengths s, from the origin, 
and their angular deviations o, from the vertical towards the right. Similarly, 
the dial for the co-ordinated pulses in fF, shows the vectors (c, y,). The angular 
scale of each dial expresses o;, and y; as the delay, in days, of the maximum of 
the cosine wave after the zero epoch. The 5 selected positive pulses in R with 
the smallest s, (equal to 20 z or less) are indicated by smaller dots; they were 
omitted from the further discussion, which is thereby restricted to 19 pulses only. 
The mass centres of the 19 dots, represent the average relation between the 
19 pulses; they appear in Figure 9 as the end points of the two heavy lines 
(average vectors) drawn from the origins of the two dials. Numerically, the aver- 
age selected pulse in R is 34z cos (¢ + 4°) and the average co-ordinated pulse in 
fF, is 0°35 cos (t — 16°) me/sec. This means that the ratio of the amplitudes is 
r = 972/ mce/sec, and that the average maximum in fF, is delayed, against R, by 
4° + 16° = 20°, or 20° - 27 d/360° = 15d. 
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IMPROVED SYNCHRONIZATION 
The above method can be improved as follows. From the selection of the epochs 
it follows that the maxima of the selected cosine waves will not deviate much from 
zero epoch. There remains, however, a scatter of those maxima (Figure 9, left) 
between — 2d and + 2d which hampers the comparison with the point cloud 
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Figs. 10 to 13—Harmonic dials for the improved synchronizations showing individual selected and co- 
ordinated pulses, corresponding to Exps. No. 1 to 4 in Figure 8. 


in the dial of co-ordinated pulses (Figure 9, right). Consider, for instance, the pulse 
1491 g, represented by the dots marked A and B in the two dials. The improve- 
ment consists in turning the “selected ” vector OA into the vertical (position OA’), 
and the “co-ordinated ”’ vector OB by the same angle AOA’ into the position OB’. 
With such a phase angle correction applied to all pulses the vectors for the selected 
pulses will all become vertical, and the scatter of phases in the “synchronized ”’ 
dial for the co-ordinated pulses will indicate the degree of correlation between the 
two phenomena. For this correction the phase angles of selected pulses with small 
amplitudes s, are not sufficiently significant; this is the reason why those pulses 
were omitted, and with them their co-ordinated pulses. This improvement of 
Figure 9 is shown as Figure 10; similarly, Figures 11 to 13 show the individual 
pulses used in the Exps. 2 to 4 of Figure 8. 
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It is easy to suggest more detailed methods for studying the transformation 
of the point cloud of selected pulses into that for the co-ordinated pulses—for in- 
stance, to reduce all selected vectors to the same amplitude—but the number of 
dots in each dial is too small for an application. A summarizing measure for the 
amount of scattering of the co-ordinated pulses is indicated by the “‘probable error 
circle ” (large circle around the mass centre) constructed so as to contain n/2 of 
the n individual dots; the smaller circle with a radius smaller in the ratio n— 
is the probable error circle for the average vector. It is realized, of course, that 
this is a rough statistical treatment, because the distribution in the dial of selected 
pulses is linear, and the transformation of that point cloud into the dial of co-ordinated 
pulses will not lead to a circular distribution. Furthermore, the “ effective number 
of independent cases ”’ will certainly be smaller than n, because many of the pulses 
occur in the same or consecutive rotations (see Figure 7) and will therefore not be 


independent. 


As the main result of this paper, the evidence for the positive correlation between 
pulses in R and fF, seems conclusive. The time lag of fF, behind & is suggestive 
but not quite beyond doubt; the satisfactory agreement of the four experiments 
in that respect appears to be less significant if the non-independence of the pulses 
is remembered. 


QUANTITATIVE RELATIONS BETWEEN AVERAGE PULSES 


Figures 1 to 6 have shown that the magnitude of the variations of fF, are smaller in 
southern winter. This is also borne out by the fact that, of the 23 + 24 = 47 pulses 
selected in fF, not more than 2 pulses fall in the 4 winter months centred at the June 
solstice. Hence, the following attempt to arrive at a quantitative comparison of the 


harmonic amplitudes s and c¢ of the average selected and co-ordinated pulses is 
restricted, in R also, to the pulses in the other 8 months (non-winter). Furthermore 
those pulses with small s, which had been omitted in the dials are excluded. The 
following rows give the number n» of pulses considered, and—judged from the mass 
centres of the dots in the dial—average amplitudes for R in Ziirich units z, and for 
fF, in me/sec, as well as the phase-lag of fF, behind R; 


+ pulses in R, n = 12: z, c = 0-44 me/s 
—pulsesin Rk, n= 12: 8 22, c = 0:40 mc/s 
-_ pulses in fF, 7 = :c = 16-72, s = 0-77 me/s 

pulses in fF,, n = 21: ¢ 15-2 z, s = 0-77 me/se 


The combined positive and negative pulses, selected in R, give the ratio of the 
amplitudes r = 35-7/0-42 = 85z/me/sec, while those selected in fF, give r = 16-0 
0-77 = 21z/me/sec. The difference between these two ratios is the effect of stati- 
stical regression (BARTELS [2]). As a single value for r—uncertain as it may 
be—the ratio of the averages of the four amplitudes may be adopted, which leads 
to a change of r = 43 Ziirich units in R for a change of 1 mce/sec in the noon values 
of fF,; this refers to the 8 months September to April at Huancayo. 


This effect of R on fF, for changes occurring in 27 days rotations should be 
compared with the analogous effect in the course of the 11 years’ cycle. Average 
diurnal variations of the monthly median values of fF, (WELLS and BERKNER 
[11]), computed separately for months with high and low sunspot numbers, yield, 
for the noon values, ratios r between 21 and 22z/me/sec for the 8 months con- 


9 





JULIUS BARTELS 


sidered above, and r = 32 for the 4 winter months May to August. The nomogram 
(PuiLirs [9], p. 328) for the corresponding annual means of the noon values for 
fF, and of R gives r = 25, which confirms the ratios given above. All have the 
same order of magnitude as the ratio r = 21 derived above from 27-days pulses 
selected in fF, which, for statistical reasons, is likely to be an underestimate for r, 
unless it is assumed that the changes in A fF, depend on nothing else but the changes 
in AR. 

The sensitivity of fF, with regard to changes in R seems, therefore, to be some- 
what higher for changes in the course of the 11 years’ cycle than in the course of a 
solar rotation, but not more than twice as large. This result should not be stressed 
too much, however, for reasons given in a previous discussion of the similar problem 
regarding W (BarTELs [2], pp. 224ff. and 238ff.). The smaller number of obser- 
vations available for fF, prohibits a repetition of the more detailed treatment applied 
in the case of W, such as the standardization (l.c. p. 185) aimed at the elimination 
of the seasonal effects. 


The seasonal change in the relation of fF, to R can be studied in the pulses 
selected for R, separated for winter (months May to August) and non-winter (the 
other 8 months). In order to increase the number of pulses in each sub-division the 
negative pulses were inverted and combined with the positive pulses. 

Winter: nm = 13; s = 35-12, c = 0-28 me/sec, lag 3-0 d. 


Non-winter: » = 24; s = 35-72, c = 0:42 me/sec, lag 1:4 d. 


The effect of R on fF, in winter appears to be about 2/3 of what it is in non 
winter. The absolute noon values of fF,, judged from the average 27-days means 
centred at the selected epochs considered, increase, from winter to non-winter, 
from 8-3 to 10-7 me/sec. A relative change in fF, by 5%, or in the equivalent electron 
concentration NV by about 10%, is therefore caused by changes in R by 49z in 
winter, and 462, practically the same amount, in non-winter. In order to correct 
for the influence of regression the figures should be reduced to about a half, or 24 z. 
In the 11 years’ cycle, relative changes of the noon values of fF, by 5° were found 
to correspond to changes in R by 12°82 in winter, 10°4z in non-winter. The seasonal 
decline in winter of the response of fF, to changes in R is somewhat larger in that 
material than in the 27-days variations discussed above. 


For non-winter, the cases can be further divided into coincident and non- 
coincident pulses; again, averages of positive pulses and inverted negative pulses 
are given: 

Coincident pulses, 
selectedin R, n= 14: 8 58 » = 0-56 me/sec, lag 1: 
selected infF, m= 12: c 29-12, s = 0°83 mce/sec, lag 2: 
Non-coincident pulses, 
selected in R, n= 10: 36-12, c = 0:24 me/sec, lag 0-2 d, 
selected in fF,, n= 25: c 8-5 z, s = 0-76 me/sec, lag 1-0d. 

The difference in the ratios s/c and c/s for the twin experiments is, of course, strongest for 

the non-coincident pulses; the time lags, however, even for those pulses, agree satisfactorily. 


The synchronizations suggest 1°6 days as the best value for the time lag of the 
extremes of the daily values of AfF, after those of A R. A correction is necessary 


because the times of the observations differ (BARTELS [2], p. 224; the corrected 
values for the lag of W given below have been derived from increased material). 
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The daily Ziirich values for R refer, roughly, to about 07 GMT, while those for 
fF, refer to Huancayo noon, 17 GMT, which is 10 hrs = 0°4 d later. The corrected 
time lag of fF, is, therefore, 2-0 days; the standard error will not exceed one day. 
This may be compared with the time lag of 1-8 days, after R, found for the geo- 
magnetic W-measure of solar ultraviolet radiation, for 111 pulses (63 positive, 
48 negative) selected in R in the years 1922-1944. The lags in fF, and W appear 
practically identical. It must be mentioned, however, that for those pulses in R, 
in the years 1938 to 1944, for which simultaneous observations of fF, and W are 
available, the individual co-ordinated pulses in fF, and W show little correlation 
with each other, beyond the general occurrence of average pulses in fF, and W 
accompanying those in R. 

There is an apparent asymmetry in the two secondary pulses, occurring one ro- 
tation before and after the main pulse as a result of the 27-days recurrence tendency 
(Figure 8). The symmetry shown by the secondary pulses which accompany the 
selected pulse is not repeated in those which accompany the co-ordinated pulses. 
For instance, in Exp. 1, in fF,, the following secondary pulse is stronger than the 
preceding secondary pulse. A similar increase of the ratio of the pulse strengths 
in fF, relative to those of the simultaneous secondary pulses in R is also shown in 
Exps. 2 to 4. This might indicate that the influence of solar spot-regions on fF, 
increases with their lifetimes, and might be related to the lags found by ALLEN 
[1] in correlations of monthly means. 


COMPARISON OF SOLAR AND LUNAR INFLUENCES 
In southern summer, the total systematic change of the noon values of fF, with the 
moon’s phase is as great as 1-1 mc/sec; in January and February, for example, 
this is the amount by which the noon values about an eighth of a synodic month 


before New or Full Moon exceed those about an eighth of a month after those dates 
(BaRTELS [3]). The semi-mensual (CHAPMAN [5]) tidal effect of the moon on 
the daily noon values of fF, is, therefore, greater than the effects of R shown in 
Figure 8. This is also demonstrated by Fi igure 14, which shows as ordinates all 
the noon values used in this paper, expressed as deviations from 27 7-days averages, 
and distributed according to the mean moon’s phase (abscissae), numbers yu de- 
creasing from 24 to 0 from New Moon to New Moon (448 days in January and 
February, 454 days in June and July). 

In June and July (southern winter) the total change due to the lunar tidal 
influence is reduced to 0:2 me/sec. The reaction of fF, to lunar tidal influences, 
of semi-mensual period, is thus shown to have a stronger seasonal variation than 
its reaction to solar influences, of solar rotation period. 

As Figure 14 shows, the scatter of the individual daily noon values of fF, varies, 
with season, just as the amplitude of L(fF,). This supports the hypothesis that 
the irregular changes of fF, from day to day are, largely, to be considered as changes 
in the intensity of Z (fF,); similar indications have been found in the geomagnetic 
tides L (H) at Huancayo [4]. 

For the separation of solar and lunar effects, it is fortunate that the periods 
14:77 d for half a synodic month and about 27 d for the solar rotation do not inter- 
fere. It is difficult to separate the full period of the month, 29-53 d, from the quasi- 
persistent periodicities connected with the solar rotation. Because of the super- 
posed solar effect, the noon values (Figure 14) are less suitable for the studies of 
the variability of L(fF,) than, for instance, the daily changes of fF, from 11 to 


18h local time [3]. 
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Fig. 14—Daily noon-values of fF, at Huancayo, on undisturbed 

days, in deviations from 27-days averages, arranged according to 

the phase 4 of the mean moon, to show lunar tidal influence in the 
course of a lunar month. 


Use tx PRACTICAL PREDICTION 
The usual prediction of fF, for use in radio propagation is restricted to monthly 
averages. The results described here indicate that the predictions might occasionally 
be refined by taking into account the quasi-persistent periodicities due to long lived 
active centres confined to one half of the Sun. If this should be found practicable 
the lunar influence, which is often larger than that solar effect, should also be taken 
into account. 
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ABSTRACT 

Two methods were developed for determining the residual ionization in brass chambers and the absolute 
ionization of the hard and the soft component of cosmic radiation in the atmosphere at sea level, without 
secondaries from the walls of the chambers. The portable GisH-SHERMAN ionization meter in connection 
with four geometrically similar cylindrical vessels of widely different size was used. One method is 
based on the use of all four chambers, the other requires only one large chamber in which the pressure 
is varied between about 0-1 and 1-0 atm. 

These measurements were carried out on the campus of Fordham University in a garden. 

It was found that, on the average, the hard component (filtered through 10 em of iron) produces 
an ionization of 1-51 J while the total intensity (hard+ soft component) amounts to 1-88 J. 

The effect of the gamma rays from the radioactive substances floating in the atmosphere was 
determined by a new method, described in this paper. This “ air radiation ’’ amounts to about 0-15 J, 
varying considerably from day to day. 

Another set of experiments was carried out to find the ionization produced by the alpha rays from 
radon, thoron, and their subsequent products. Samples of air from outdoors were filled into a large 
ionization chamber and the variation of ionization was observed for several days. In this way it was 
possible to determine the ionizing effect of the radon and thoron products separately. It was found that 
radon and its subsequent products give 0-93 J, while thoron and its products give 0-83 J. The latter, 
therefore, contribute 47 °% of the total ionization by alpha rays. The radon content itself was 46 107% 
curie per cm? (average of November and December). 

The ionization by gamma rays from the ground, at Fordham, amounted to 3-0 J. The contribution 
by beta rays from radium, thorium and their decay products in the ground and in the atmosphere was 
estimated as 0-4 J. 

The total ionization, on the point of observation, 1m above ground, consisted therefore of the 
following four components: 

Alpha rays 

Beta rays : “a a 

‘ ete 9 P Total: 7-21 1 
Gamma rays ‘ 

Cosmic rays 

Using the linear law of recombination of small ions (E. SCHWEIDLER, J. J. NOLAN and others) 
which holds for air polluted with a great number of nuclei, one can compute the mean number of small 
ions per cm? if one knows the average lifetime of such ions. Taking this lifetime as 10-6 sec (from a 
recent determination at the same location), one would get less than 100 small ions per em?® present in 
the stationary state. This is to be expected in the vicinity of a big city, where the number of nuclei of 
condensation ordinarily exceeds 40000 per cm?, 


INTRODUCTION 


Our knowledge of the ionization balance of the atmosphere is still rather incomplete. 
We know that over the continents the radioactive substances in the ground and in the 
air contribute most of the ionization observed while cosmic radiation is practically 
the only ionizing agency over the oceans. Here the variations of ionization are 
relatively small. They are mainly due to variations of the barometric pressure 
and of the temperature in the lower atmosphere. There are also other small 
fluctuations of cosmic ray intensity with time and with geomagnetic latitude which 
were studied so extensively within the last two decades. Nevertheless, data on 
the absolute intensity of cosmic radiation, even at sea level and at medium latitudes, 
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are rather conflicting: for unshielded ionization chambers at geomagnetic latitudes 
beyond the “knee ’’, the reported values range from 1-8 to 2-8 J (“J ”’ denotes 
the number of pairs of ions produced in air per cm®, per sec). It is to be noted that 
in all these measurements various authors did not take into account the increase 
of ionization by secondaries from the walls of the vessel. However, it is now 
generally believed that the additional ion production by secondaries in a thin- 
walled brass chamber is quite small, perhaps only a few per cent of the total effect. 


Quite recently the senior author in collaboration with R. P. Vancour devised 
two methods [1] of determining the absolute intensity of cosmic rays in the atmos- 
phere without secondaries and also the residual ionization in ionization chambers. 
These methods, originally tried out in the laboratory, were used last summer in 
outdoor experiments which will be described in this paper (Sections I, II and IV). 


In addition, we determined the ionization produced by the gamma rays from the 
radioactive products in the atmosphere (Section III), the radon content of air and 
the relative contribution of thorium products in the atmosphere to the total ioniza- 
tion near the ground (Section V). In Section VI, the ionization balance is discussed. 
All experiments were performed on the campus of Fordham University which is 
situated in the Bronx, near the Botanical Gardens, New York City. They should 
give a good average picture of the ionization balance in the lower atmosphere. 


INTENSITY OF Cosmic RADIATION AND THE RESIDUAL IONIZATION IN BRASS 
CHAMBERS 


The ionization of the atmosphere at sea level, over land, is produced by the alpha, 
beta and gamma rays from the radioactive products in the soil and in the atmosphere, 
and, to a lesser extent, by cosmic radiation. If we measure this ionization in a 
hermetically sealed vessel (wall 2-5 mm thick) filled with a gas free of radon, the 
total ionization is due to: 1) occasional alpha rays from radioactive impurities 
in the metal of the chamber (residual ionization, gj); 2) gamma rays from the radio- 
active substances in the soil (qj); 3) gamma rays from the radioactive decay products 
of radon, thoron and actinon in the atmosphere (q4); and 4) cosmic rays (q¢). 


q=9o+ Ue + Va + Wc 


If the ionization chamber is placed in an iron house with walls thick enough to 
absorb practically all the gamma rays (10 cm of iron), the total ionization is due 
to gy and ge. In this case, we observe the effect of cosmic rays filtered through 
10 cm of iron. If the apparatus is set up outdoors and the top of the iron house is 
left open, the ionization is due to unfiltered cosmic radiation and to the small 
gamma ray component from the radioactive products in the atmosphere gq, which 
in most cases will not amount to much more than 0-1 J. The residual ionization 
(qo) due to alpha rays from the inner surface of the wall of the chamber can be 
kept at much less than 1 J if the chamber walls are very carefully cleaned and the 
volume of the chamber is not too small. Since this residual ionization is propor- 
tional to the surface, while the other ionizing agencies are volume effects, it is 
advantageous to use chambers of fairly large size in which the ratio of surface 
area (A) to the volume (JW) is rather small. 


The total ionization, as observed in the iron house (closed on top), is 


9=% + Ico=Akna+ qe (1) 
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where n, denotes the number of alpha particles emitted from the wall per cm? per 
sec, A the surface area of the chamber wall, and k the average number of ion pairs 
produced by each alpha particle. 


The ionization produced by cosmic rays could also be considered partly as a 
surface effect since the secondaries produced in the walls of the chamber will increase 
(at constant thickness of the wall) with the area of the wall exposed to cosmic 
rays. Experiments to be discussed later will show that in thin-walled ionization 
chambers (as used by us) this effect of secondaries is very small. Therefore, we 
can treat the cosmic ray ionization as a volume effect, especially since the ranges of 
these secondaries are considerably longer than the diameter and height of our 


chambers. 


We have used ionization chambers of cylindrical shape, made of yellow brass (wall 
thickness 2-5 mm) in conjunction with the ionization meter, devised by O. Gisu, K. L. SHERMAN 
and one of the authors, which is described elsewhere [2]. The chambers were geometrically 
similar (height equal to twice the diameter of the chamber) with volumes 43:68, 13-17, 4:89 
and 1-645 1, and radii 15, 10-16, 7-30 and 5-08cm respectively. All four cylinders were 
airtight and could be evacuated or filled with any gas through a Hoke needle valve. We 
used air from steel cylinders (stored for at least one month). 


The amber-insulated inner electrode of each chamber is directly connected to the fibre 
system of a Lindemann electrometer which is mounted in a housing fitted exactly to the top 
of each of the chambers, which are used in a vertical position. The guard ring and the case 
of the electrometer are connected with a battery supplying 135 volts, and the centre point 
of the quadrant battery is kept at the same potential. A needle contactor is used for connecting 
or disconnecting the fibre system from the battery with which the guard ring is permanently 
connected. The wall of each chamber is kept at ground potential. When the contactor is 


lifted the needle begins to float, and the rate of drift is a measure of the ionization in the vessel. 
We preferred to use the ‘“‘null-method”’: a 3-volt auxiliary battery with a potentiometer 
and a precision voltmeter (range 3 volts) allowed us to add any voltage from 0 to —3 volts to 
the 135-volt sweep voltage, thus inducing an opposite charge on the floating system just enough 


to keep the electrometer needle always at or close to the zero point. When using this null- 
method, all corrections for insulation leakage of the electrometer are avoided. The reading 
of the compensating voltage at the end of each measurement (from 5 to 60 min in duration) 
multiplied by a reduction factor, which is proportional to the induction coefficient between the 
guard ring system and the inner electrode for each chamber, gives the ionization (gq) expressed 


in ion pairs per cm per sec. 


The residual ionization of the three smaller chambers was determined in 1947 by using 
them within the iron house in a subway tunnel under 210 ft of solid rock where the cosmic-ray 
intensity is practically zero and local radiation was eliminated by the 10 cm iron wall around 
the apparatus [3]. These direct measurements served as a control for determinations of the 
residual ionization with the two simpler methods discussed below. 


We shall now describe one method used for the determination of the residual ionization 
and the intensity of cosmic rays in our brass chambers, and then proceed to the determination 
of the cosmic-ray intensity in the free atmosphere. This method is based on the successive 
use of all four chambers in the iron house at the location where a determination of the cosmic- 


ray intensity is desired. 


After the tests in the laboratory which were described in our previous publication, all 
these experiments were performed outdoors: the iron house was set up in the garden of the 
Seismic Station of Fordham University on even ground. 


The numerical values for the dimensions of the four chambers are as follows: 
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Table 1 
Chamber Volume (W) Inner Surface Radius 

(A =10r?x) (r) 

cm* cm? cm 
I 43680 7070 15-0 0-1618 
II 13173 3243 10-16 0-2462 
III 4888 1674 7:30 0-3425 
IV 1645 811 5:08 0-4930 


The total ionization current in each chamber according to equation (1) is (in e.8.u.) 


I=eAkn, +eWq (2) 


Dividing by eA and inserting A= 10r?x and W=4r'x (radius=} of the height of each cylinder), 
we get 
I =kn.+0°4 rqo (3) 
10er?x a : 


This is a linear relationship between the total ionization observed and the radii of the chambers. 


The experimental test of this relationship was carried out for two cases; with the iron 
house set up in the garden of the Seismic Station at Fordham, we put each of the four chambers 
successively in the iron house and observed the ionization in each chamber a) when the iron 
house was completely closed (10 cm iron on all sides); 56) when the top of the iron house was 
removed. In this case, the soft component of the cosmic radiation comes into play and, in 
addition, a small part (q4) of the observed ionization is contributed by the gamma rays of the 
radioactive substances in the lower atmosphere (up to about 4km from the ground). In this 
particular case the term q,.in equation (3) should be replaced by (q¢~ + 94), while kn, remains 
unchanged. We, therefore, can expect to get two straight lines with different slopes; their 
intercept should coincide at the axis of the ordinates. 


As can be seen from Figure 1, our experimental points are in perfect agreement 
with this expectation. 


It may be stated that our value for the residual ionization, as found here, was 
even lower than the one reported in our previous publication, when the chambers 
were carefully cleaned, repeatedly evacuated, and refilled with air from our tank. 


The extrapolated value of J/10xr%e for the radius r=0 represents knz. Taking 
for k (the average number of pairs of ions produced by one alpha particle) 10°, 
we obtain for knx=1-25 and the number of particles from the wall (per cm?) 1-25 
x 10-° per sec or 4-5x 10-? per hr which is of the same order of magnitude as 
the lowest alpha-ray emission reported so far by J. A. BEARDEN, for steel (0-10 per 
hr). We are now in a position to compute the residual ionization (q9) simply by 
multiplying knz=1-25 with the surface area A and dividing by the volume W for 
each chamber. Figure 2 gives the curve (arc of a parabola) obtained when these 
computed values of g, are plotted against the radii of the chambers. 


The values g, for the four chambers obtained were 0-20 J for No. I, 0-31 J for 
No. II, 0:43 J for No. III, and 0-62 J for No. IV. Three of these were checked 
directly by observing the residual ionization of three chambers by an underground 
experiment when they were placed within the iron house in a subway tunnel under 
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70m of solid rock. The comparisons gave a satisfactory agreement within 
+10%, between experimental and computed values. Subtracting the values q, 
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Fig. 1—Extrapolation of residual ionization Fig. 2—Residual ionization vs. radius 
from measurements of four chambers. of the ionization chambers. 


given above from the actually observed values of total ionization in the iron 
house, the following cosmic ray intensities (g-) are obtained. 


Table 2 
Cosmic Ray Intensities (Sea Level) in Brass Chambers (Wall 2-5 mm thick) 


(a) Iron (b) Iron 

House Closed House, Top 
Chamber No. (10 cm Fe) Removed 
I 1-52 I 1-94 I 

Il 1-55 I 1:96 I 

III 1-54 I 1:94 I 

IV 1:55 I 1:99 £ 


The values in column (a) correspond to the hard component, in column (5) to 
the hard plus the soft component (including a small effect g4 of the gamma rays of 
the radioactive substances in the air). 


Il. DETERMINATION OF THE TRUE VALUE OF THE IONIZATION BY Cosmic Rays 
IN THE FREE ATMOSPHERE, WITHOUT SECONDARIES 


In order to obtain the ionization without secondaries from the walls of the chamber, 
we proceeded as follows: we plotted the observed values of qg=Aknz-+ qc (total 
ionization observed in the iron house) vs. A/W. The extrapolated value of qg for 
A/W=0 (infinite volume) would indicate the ionization produced in a chamber 
of infinite volume filled with radon-free air at atmospheric pressure, at the point 
of observation. We obtained a linear relationship of g vs. A/W for all four chambers 
in both cases 1) iron house closed, 10 cm Fe around the chambers and 2) with the 
top of the iron house removed. Case (1) gives an extrapolated value of 1-51 J; 
Case (2), 1:93 (see Figure 3). These values were confirmed by direct computations 
from the equations of the two straight lines. 


17 





Victor F. Hess and RocEer P. VANCOUR 


These figures actually represent the true ion production in air without any 
secondaries emitted from the walls, since in a chamber of infinite volume any 
contribution of residual ionization (alpha rays from the walls) as well as from 
electrons knocked out of the walls by cosmic rays would be negligible. The two 
figures are only a few per cent lower than the ones given in Table 2 for the brass 
chambers. The latter values obviously do not represent the true ionization in 
the atmosphere at the point of observation (50 degrees N geomagnetic latitude). 
However, the difference is very small, especially for the largest chamber No. I 
(43 1 volume); this indicates that the secondaries from the brass walls (2-5 mm 
thick) increase the ionization by only a few per cent. 


The difference between the two values 1-93 J and 1-51 J gives, approximately, 
the ionization produced by the soft component of cosmic radiation. This value 
(0-42 J) amounts to about 20% of the total effect 
F0 T of cosmic rays at sea level, and this agrees with 
previous estimates of various authors. However, it 
is important to remember that the still somewhat 
uncertain and variable effect of the gamma rays 
from radioactive substances floating in the lower 
| atmosphere is included in the figure 1-93 J. This 
ae Se effect was determined (see the following section) as 
01 02 03 04 05 O05 about 0-15] (average). Subtracting it from 1-93 [ 
nonin we get 1:78 J as the mean total ionization by cosmic 
Fig. 3—Extrapolation of ioniza- rays (soft and hard component) at sea level, in the 
mi ae piv oct teas the free free atmosphere. A small correction of this figure is 
A necessary on account of the fact that the ionization 
chambers in the iron house are not recording the actual total intensity of the soft 
component when the top of the iron house is taken off. Rays coming in from the 
lower regions of the sky are partly absorbed when penetrating the 10cm iron 
shield in an oblique direction. We computed from the geometry of the whole 
arrangement the absorbed fraction of the soft component, assuming the distribu- 
tion of the unidirectional intensity of cosmic rays according to STEINKE’S measure- 
ments [4]. The results indicate that the absorbed fraction of the soft component 
amounts to about 0-1 J. 
The total ionization of the soft and hard component, therefore, is 1-78 + 0-10= 
1-88 I at sea level in the free atmosphere (50 degrees geomagnetic latitude N) 
while the hard component alone amounts to 1-51 J. 
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Ill. ApproxIMATE DETERMINATION OF THE ‘‘ AIR RADIATION” 
(Ionization by Gamma Rays from the Radioactive Substances in the Atmosphere) 


The “air radiation ’’ (¢4) was estimated by V. F. Hzss [5] in 1934 as about 0-1 J. 
A better estimate was derived directly from our experiments; since we know the 
average absorption coefficients of the gamma rays from RaC and ThC we can 
estimate the percentage loss in an absorbing plate of known thickness. We took 
two iron plates (together 1-2 cm thick) and observed repeatedly the ionization in 
the iron house when its top was off and when the two plates were placed on the top. 
Calling the two values g, and qg, we have the relation 


91 —G=Ga (1 —e7 #9) (4) 
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where » is the average absorption coefficient [6] of hard gamma rays in iron 
(0-356 em-'). The absorption of the “‘ soft” as well as of the hard component of 


cosmic rays is hereby neglected. The term (1 —e~*“) corresponds to the fraction 
of gamma rays absorbed in 1-2 em Fe. 

We performed seven long series of observations alternatively with “‘ top off”’ 
and “1:2 cm Fe on top” with chambers I and IJ in the iron house between 
July 26 and September 7, 1949, and obtained the following results : 


Table 3 
Difference of Ionization Observed 

(91-92) 

0-072 I 

0-050 I 

0-223 I 

0-044 I 

0-035 I 

0-012 I 

0-048 I 

Average  0-0691 J-+0-026 I 
(probable error + 0-0178 J) 
From these figures we determined qg,, using the equation 


0-0691=q4 (1-e~#7) and get qy=~re = 0-198 I 


The large fluctuations of the single values given above (although partly statistical) 
indicate that the effect is variable. This can be expected since we know that the 
radon content of the atmosphere is varying greatly, from day to day. The value 
mentioned above gives an wpper limit of the average value q4 since it was tacitly 
assumed that the whole difference (q, — q.) is due to the absorption of gamma rays 
from the radioactive substances in the atmosphere in 1-2 cm iron. 

However, we can derive an estimate also of a lower limit of g4 by computing 
the possible effect of the absorption of the soft component of cosmic radiation in 
1-2cem Fe; taking the mass absorption coefficient of this soft component as 8-5 
x 10-3 cm?/g (E. ReGENER) and the water equivalent of 1-2 cm Fe as 9-4 cm the 
exponential e085 %4 gives 0-923. Since the soft component could, according 
to our measurements, amount to not more than the total difference of 0-42 J 
observed when the top of the iron house (10 cm Fe) was off and on, we see that 
0-42 x 0:923=0-388 J would be the amount getting through 1-2 cm Fe and only 
0-03 J would be absorbed. If we assume that all of the difference of the ionization 
tentatively observed with the “top on” (10cm Fe) and “ top off ’-arrangement 
was due to the soft component of cosmic radiation, we can now derive a lower 
limit for the amount of air radiation (q¢,4): 

Since we observed a difference g, — q.= 0-069 [+0-018 I when the iron house 
was completely open on the top and when it was covered with 1:2 cm Fe we can 
now say that at the most only 0-03 J of this difference can be ascribed to absorption 
of the soft component of cosmic radiation. Subtracting this from 0-069 J we 
get 0-039 J as the lower limit for (q,—q) to be ascribed to absorption of gamma 
rays of the radioactive substances in the atmosphere in 1-2 cm iron. Inserting 
this value in our equation (4) we get 

0-:039=q4 (1 —e-%427)=0:348 gy 
and from this 
q4=90-112 I 
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Thus we are able to bracket the true value of the air-radiation q, as lying some- 
where between 0-198 and 0-112 7 and taking as an average for q4=0-15J we see that 
this is about six times the mean average error of our observed values for (q, —q)- 
Thus, it is evident that the contribution of gamma rays from the radioactive 
substances in the air is real and cannot be neglected in the ionization balance. 


Its variability is clearly reflected in our measurements (Table 3). These 
variations naturally will very often mask actual fluctuations of cosmic radiation, 
if the ionization chamber is not shielded on the top against these ‘atmospheric ”’ 
gamma rays. 


IV. ANnoTHER METHOD FOR DETERMINING THE IONIZATION BY CosmMIC RAYS AND 
THE RESIDUAL IONIZATION OF IONIZATION CHAMBERS 


This method was described in a previous publication [1] in detail. Since it was 
used again last summer in our experiments outdoors, a short explanation of our 
procedure will be necessary. 

It is well known that the ionization in a closed vessel increases almost linearly with pressure, 
but the curve flattens out at higher pressures except when very pure argon is used [7]. Since 
we wanted to work with air in the chamber, we preferred to use 
low pressures up to atmospheric pressure as C. T. R. WiLson 
did in his early experiments. We filled our largest chamber 
(43-7 1) with air from a tank (stored for at least one 
month) at atmospheric pressure and observed the ionization 
at that pressure and at various lower pressures when the 
chamber was placed in the iron house. It was to be expected 
that the ionization vs pressure curve would be linear as long 
as the pressure » (expressed in atmospheres) was not lower 
than that at which the range of alpha particles is equal to 
the diameter of the chamber (30cm). At still lower pressure, 
the curve was expected to deviate downward toward zero. 

Since the current /=Aekna+Weqcp and the first 
term is constant as long as the range does not exceed 
30 cm we obtain 

a 

dp 
The slope of the linear part of the qg vs. p curve, there- 
fore, corresponds to the actual total ionization of the 
cosmic radiation in the largest brass chamber, while 
the extrapolation of the linear part of the curve for 
40 60° 80 100 p=0 would give the approximate value of the residual 
pressure MMF jonization (dy); it can be shown that this would be 





= Wege and qc = 7. Fa = i (for p=1 atm) 











Fig. 4—Ionization by cosmic ; dq 
: Go=d— yi 


dp 
where g denotes the total ionization observed at the 
pressure p. It is, of course, more accurate to obtain 
dq/dp from the graph directly. Figure 4 shows two sample curves obtained with 
air in the chamber. Curve I corresponds to the case when the iron house was closed 
(10cm Fe surrounding the chamber on all sides). In this case, only the hard 
component of the cosmic rays was effective. Curve II (top of iron house removed) 
gives the values for soft and hard components together. The iron bars in this case 
reached up just to the upper rim of the ionization chamber. Therefore, the soft 


rays vs. pressure. Curve I: hard 
component; Curve II: soft 
hard component. 
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component (plus a small amount of gamma rays from the atmosphere) came from 
a solid angle which was less than 2x sterradian. 

The value of dq/dp can be corrected for this case (half space) by graphical 
methods. 

From the slope of the two curves, we obtain for Case I, gg=1-:45 I (Meson 
component) and for Case II, q,= 1-84 J (soft and Meson component). The extra- 
polated value (0-20 J) for the residual ionization (q)) agrees quite well with the 
value obtained with the other method. The correction mentioned above and dis- 
cussed at the end of Section II amounts to 0-1 J and therefore the value for the 
ionization due to the soft and hard component is 1-84+ 0-10 =1-94 J which is in 
good agreement with the value derived in Section II. 

V. THe lontzaTion PRODUCED BY RADON, THORON AND THEIR DECAY PRODUCTS 

IN THE ATMOSPHERE 

A very simple method of determining the ionization produced by the alpha rays of these 
products was tried successfully during the fall of 1949 when the outdoor experiments were 
completed: we assembled the iron house in the basement laboratory of the Physics Building 
at Fordham and determined first the ionization in the chamber II (13 1) when it was filled 
with aged, inactive air from a steel cylinder while standing in the iron house. Then the chamber 
was evacuated and refilled with atmospheric air in the garden of the seismic station where all 
our previous gamma ray and cosmic ray experiments were performed. The atmospheric air 
samples were taken about 3 ft above the ground. After filling, the chamber was put back into 
the iron house and the total ionization measured immediately. In a number of cases, the 
readings were continued for several hours and further readings taken on the following day and 
even two or three days afterward, in order to get a decay curve. 

It is clear that the difference between the total ionization observed in the 
iron house with aged (inactive) air and the atmospheric air in the chamber corre- 
sponds to the ionization by the alpha rays of radon, thoron and their decay products 
(qx). Thoron itself will, of course, not be measured since all of it would decay 
within the ten minutes or more which elapsed between the moment when the 
sample was taken and when the first measurement could be made. The effects 
observed, therefore, are mainly due to Radon and its decay products (Rn + RaA 
+RaC) and (TRB+ThC). The half life of T7hB (10-6 hrs) is short, as compared 
with the one of Rn (3-82 days) and so we can expect that within 2-3 days most of the 
ThB has decayed and only the Rn, in equilibrium with its decay products, survives. 

The very low background of our chambers plus the cosmic ray ionization 
(qo +c) in the basement laboratory amounting together to only about 1-6/ allowed 
us to detect quite easily and with sufficient accuracy the effect (qa) of the alpha 
rays from the radon, TAB, etc, introduced into the chamber when the atmospheric 
air sample was admitted in the chamber. This effect amounted in most cases to 
between | and 2 J. 


By taking readings immediately after the sample was filled into the chamber 
and one or two days later, it was even possible to determine the percentage of 
ionization due to thorium products. This was accomplished in the following way: 


When atmospheric air is introduced in the chamber it produces an ionization 
q,, Which, added to the ionization produced by cosmic rays and the residual (wall) 


radiation gives a total effect of 

1=% + Io + Wy (5) 
Measuring (q¢g+ qc) in the chamber before the experiment, we immediately obtain 
qx about ten minutes after the atmospheric air sample is introduced. qa is com- 
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posed of the ionization produced by (Rn+RaA+...) and (TAB+ThC + ...), 
both assumed to be in equilibrium. We denote the decay constant of radon with 
dq (2:097 x 1076 see!) and of thorium B as 4. (1°82 x 10~® sec“) and assume that a 
fraction x of ga is due to (Rn-+decay products) while the fraction (1 —2) of ga is 
due to the decay products of ThB. Then, we have, at a known time ¢ later 

Ayt en 

a qs 
eg ee Agt ~ 
Vale scaled 
and r= aad 


+(1—2)q,¢ 
__ 


xq 6 


—e 


From this, we computed the relative contribution of the decay products of 
radium and thorium in the atmospheric air sample in each case, when ga and q, 
(at least 10 hrs later) were determined. 


We carried out a number of experiments determining qx and the fraction x 
of radium products in November and December 1949. The results are listed 
below in Tables 4 and 5. A slight correction has to be applied to the measured 
values of gx on account of the fact that alpha rays emitted from points near the 
chamber walls are not fully utilized. An empirical correction was worked out by 
W. Duane and A. LaBorbe [8] for radon and its decay products in a cylindrical 
chamber; the corrected value is obtained by dividing the measured value by 


Ses pt ee . , eee 
(1 —0-572 |) where A is the surface and W the volume of the ionization chamber. 


Accepting this correction as approximately valid also for the decay products of 
ThB and taking the value of A/W as 0-249 for our chamber (No. II), we have 


es ae Bis 
] —0-572 i = 08: i! 


The values qx listed in the table are already corrected in this way. The third 
column (equivalent in curies/cm*) gives the number of curies of radon plus decay 
products which would produce the same ionization as the one actually measured 
in each case; this would include the thorium products, expressed in equivalent 
amounts of radon. 

The computation of the radon equivalent in curies per cm? from the observed 
ionization gx was based on the values given by St. MEYER and E. SCHWEIDLER [9]: 
1 curie (radon) per cm® gives a saturation current of 2-75 x 10® e.s.u. and 1 curie 
of radon with its decay products 
1°55 + 1°70 + 2°20 

cc 
em®, therefore, corresponds to 2-01 J. 
Table 4 
Date (1949) q, (corr.) Radon equivalent in curie/em* 
Nov. ¢ ° 79-8 x 10-18 
Nov. 63-5 x 10718 
Nov. 109-6 x 10718 
Nov. 78-1 x 10718 
Nov. 50-5 x 10718 
Nov. 1 “5S 78-5 x 10738 
Nov. “4: 70-9 x 10738 
Nov. 4 56 77:3 x 10738 
Dec. 132-6 x 10718 


2-75 x 108 x = 9-67 x 10° e.s.u.; An amount of radon of 107! curie/ 


tbo bo 


a) 


a 
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Table 4 (continued). 
Dec. 6 0-82 I 40-0 x 10718 
Dec. 9 1-29 I 64-0 x 10748 
Dec. 14 1-06 I 52-6 x 10748 
Dec. 19 2-371 117-6 x 10°38 
Average = 78:2x 10738 

The radon content of air on the campus of Fordham University was measured 
in 1941 and 1942 by V. F. Hess [10], who used a differential ionization chamber 
method; the chambers were calibrated in curies by means of a radium standard 
solution and the samples were taken 12 m above ground. 

Our recent values of qa are of the same order of magnitude as the average 
(97 x 10718 curie/em*) of Hxss’ value in 1941-1942. 

The following table gives the percentage x of (radon + decay products) in the 
total ionization qx measured in all of those cases where ga was conveniently large 
so that the effect could be measured at a subsequent time with sufficient accuracy. 

Table 5 


Fraction x 
Date (1949) (Radon + Decay Products) 
O/ 


Nov. 7-8 
Nov. 10-11 
Nov. 16-17 
Nov. 21-23 
Dec. 9-12 
Dec. 14-16 
Dec. 19-21 46°5 
Average = 59:0 
These experiments will be continued by R. P. Vancovur. 
The percentage x for radon products is to be corrected for the presence of thoron 
in the lowest part of the atmosphere. We have already pointed out that our 
experimental procedure does not include the ionization produced by thoron itself. 
An estimate of this effect is however possible if we assume again that thoron is 
in equilibrium with (ThA + ThB+ ThC) within the first few metres above the ground. 
Since the number of ions produced by each alpha particle of ThA is 1-92 x 105, 
of TAC is 1:71 x 10° and of ThC’ is 2-54 x 10° while it is 1-23 x 10° for thoron itself 
and ThC’ amounts to 65°, while ThC only to 35°, of the branched products, the 
average ratio of the ionization produced by ThA + successive products to (Thoron + 
ThA-+ successive products) is 
[1-92 + (0-35 x 1-71) + (0°65 x 2-54)] x 105 MEDS in 
Bei ie & - = = Usd 
[1-23 + 1-92 + (0-35 x 1-71) + (0-65 x 2-54)] x 108 5-40 


If, therefore, we obtain an average value of x=59°, for the radon family and 
(l—a)=41% for the (ThA+ThC) products, the latter value would actually—if 
we want to include thoron—have to be raised. 

The content of radon plus decay products found (Table 5) is 78-2 x 0:59 x 1078 = 


46-2x 10718 curie/em’. The equivalent of thorium products (including thoron) 
78:2 —46-2) 


would therefore be Coa - 10-48=41-5x 10718 equivalent curie/em’. Also we see 


that the ionization produced by radon and its successive products at our point of 
observation is 0-462x 10-16 curie/em* which corresponds to 0-93 J while thoron 
and its products would contribute 0-415 10~1® curie/em? which corresponds to 
0-831. The conclusion is that thoron and its decay products contribute almost as 
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much as radon and its successive products to the total alpha ray ionization in the 
atmosphere near the ground. This is in good agreement with the findings of other 
authors (see MEYER and SCHWEIDLER [9]) based on entirely different methods. 
It would be of interest to check these conclusions in other localities. 


VI. Tue lonizaTION BALANCE 
It is now possible to get a comparison between calculated and observed values of 
the total ionization at the point of observation. 

Let us consider first the ionization by gamma rays and cosmic rays: we observed 
with our ionization apparatus when it was not shielded at all and placed on the 
ground in the garden of the Seismic Station at Fordham University a total ionization 
(gr) of 5-40 I (with chamber No. II). Subtracting its residual ionization (0-31 J) 
we have a total ionization of 5-09 J. 

Observations over water and on the campus of Fordham in the summers of 1947 
and 1948 gave a value of about 3-0 / for the gamma radiation from the ground (qz). 
Adding the value gg = 1-96 J (cosmic rays, chamber II) which includes the ioniza- 
tion g4 by the gamma rays from the atmosphere we get a total qr 


dr = Get Iot+Ga = 4:96 L 


which agrees very well with the experimental value. 

For atmospheric-electric considerations, we have now to add the ionization 
produced by the alpha rays from the radioactive substances in the atmosphere 
(gx) and by the beta rays of these products in the ground and in the atmosphere. 

In Section V we found that on the average (November-December 1949) the 
ionization produced by the alpha rays of radon and its decay products was 0-93 I 


while thoron and its subsequent products gave 0-83 J. Thus the total ionization 
by alpha rays was 1-76/. 

The contribution by beta rays from radium, thorium, and their decay products 
in the ground was estimated by the senior author [5] as about 0-2 to 0-5 J at a distance 
of 1m above ground. (This is the distance at which most atmospheric-electric 
measurements are carried out). According to the same author the ionization 
produced by beta rays of the radioactive products in the atmosphere (radon, 
thoron, and their decay products) will at most be 0-04 J. 

Summing up we have, therefore, the following picture of the total ionization 
in the atmosphere, 1 m above ground: 

Alpha rays 1-76 I Gamma rays 3-15] 
Beta rays 0-40 I Cosmic rays 1:96 I 

This total ionization (7-2 J) has, naturally, only local significance. In localities 
where the radon and thoron content of the atmosphere is higher, the ionization 
due to alpha rays may go up to more than 5 J: For an average radon content of 
130x 10-18 curie/em® the ionization due to Rn, RaA and RaC would amount to 
2-75 I [9] and the products of thoron would add another 2-3 J. 


The number of small ions (x) present at our point of observation can be com- 
puted if we know the average life 6 ofthese ions. Since at this locality ScHwEIDLER’S 
linear recombination law [11] was found to hold and the average life time (6) of 
small ions was determined recently by M. DoNNELLY [12] as 10-6 sec the equation, 


ga=n 
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therefore would lead to an average value of n=70 to 80 ions per cm® which is 
of the expected order of magnitude in the suburbs of a big city where the average 
number of AITKEN nuclei is around 40000 per cm?. 


The senior author wishes to thank the American Philosophical Society in Philadelphia for a 
grant supporting this work and also Dr. M. A. Tovs, director of the Department of Terrestrial 
Magnetism (Carnegie Institution) for arranging construction work in the shop of his department. 
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Luftelektrische Tagesginge und Luftkérper 
(STUDIEN UBER DAS ATMOSPHARISCHE POTENTIALGEFALLE III) 


H. Isra&L 

Observatorium Buchau a.F. 

(Eingegangen 24. Februar 1950) 
ABSTRACT 
In continuation of earlier work on the dependence of the daily variations of atmospheric electrical 
elements on air masses, the relation between the mean daily variation of the columnar resistance 
(resistance of a vertical column of air of 1 cm? cross section reaching from the ground up to the 
conducting layer) and air masses has been investigated, using atmospheric-electric data from 
Wahnsdorf/Dresden 1934-7. The daily variation of this resistance is found, in summer, to be nearly 
the same for the four main air masses considered, P, M, C and 7, with a minimum near 0800 a.m. 
and a maximum in late afternoon. In winter the variation of the resistance for the air masses M, C 
and 7 is approximately inverse to that experienced in summer, while the variation for the polar air 
mass P shows quite different characteristics. .No explanation for this difference can at present be given. 


ALLGEMEINES 
Die atmospharische Elektrizitiét — lange Zeit eine Art Einzelginger unter den 
atmospharischen Erscheinungen — vermag sich in dem Masse aus ihrer Isolation 
zu lésen, wie es ihr gelingt, die kausalen Verbindungen zum atmospharischen, 
speziell meteorologischen Geschehen zu finden. 


Das sogenannte “ Grundproblem ’’, die Frage nach den Ursachen atmospharisch- 
elektrischer Erscheinungen tiberhaupt, ist durch die enge Korrelation zwischen der 
gesamten irdischen Gewittertatigkeit und dem auf der ganzen Erde phasengleichen 
Gang des Potentialgradienten tiber den Ozeanen in grossen Ziigen aufgeklart [1]. 
Die letzte Ursache der Luftelektrizitat ist also meteorologischer Natur. 


Entsprechendes ist fiir das ‘“‘Grundproblem Nr. 2° anzunehmen, das mit der 
Klarung des luftelektrischen Gesamtbildes in den Vordergrund riickt: Wie erklart 
sich das unterschiedliche Verhalten des Potentialgefilles iiber Land und See? 
Welcher Einfluss verdeckt tiber dem Festland die primiren weltzeitlichen 
Grundperioden und wandelt sie in ortszeitlich gebundene um? 


Dies fiihrt uns noch unmittelbarer zur elektro-meteorologischen Korrelation hin. 
Den Ansatzpunkt bietet bekanntlich die charakteristische Verschiedenheit in der 
taglichen Variation der meteorologischen Elemente tiber Land und See: Ihre 
Schwankungsamplituden sind tiber See allgemein ausserordentlich reduziert. Man 
erklart das in einleuchtender Weise damit, dass der vertikale atmosphiarische Massen- 
austausch uber dem Festland einen sehr ausgepragten Tagesgang besitzt, wahrend 
seine Tagesschwankung tiber der freien See sehr ist gering. 

Daraus ergibt sich in elektrischer Hinsicht die Aufgabe, das luftelektrische Feld 
und die Faktoren, die es bestimmen, in ihrer Abhangigkeit vom atmo- 
spharischen Vertikalaustausch zu untersuchen und von da aus die Land-See-Ver- 
schiedenheiten aufzuklaren. 


DER ATMOSPHARISCHE WIDERSTAND 


Aus der Vorstellung vom weltweiten luftelektrischen Kreisprozess geht hervor, 
dass die Potentialdifferenz zwischen der Erdoberfliche und der “ luftelektrischen 
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Ausgleichsschicht ”’ in der hohen Stratosphire offenbar einen tiber der ganzen Erde 
gleichartigen Tagesgang durchlauft. Dieser spiegelt sich in der Gefalleperiode tiber 
den Ozeanen wider. 


Nach den von F. J. Scrask [2] und von J. G. Brown [3] angegebenen Verfahren 
lisst sich auf Grund des oben Gesagten ein gegebener festlindischer Gefallegang in 
seine weltzeitlichen und ortszeitlichen Anteile aufspalten. 


J. G. Brown untersucht : DPLUU UU 
den ortszeitlichen Anteil an 
22 Festlandstationen und lést 
deren Giange in einheitlicher 
und iiberzeugender Weise auf: 
In eine jeweilige Superposition 
einer 24-Stundenschwingung wf ites 
mit Hoéchstwert um die Mit- —_— 
tagszeit und einer dariiber 0 2 L 
Tie booed ath a mae” 

Ewlt)- wit)=V(t//W/(t) 
Austausch zustande. Sie geht Abb. 1—Der Hohenverlauf des atmospharischen Widerstandes. 
erwartungsgemiss mit dem 
Sonnenstand und erreicht ihren gréssten Betrag um die Mittagszeit?. 





























Es ist anzunehmen, dass das Potentialgefiille und z.B. der Dampfdruck, deren 
aihnliche Tagesverainderlichkeiten schon von jeher auffielen [6], in dieser taglichen 
Variation vom gleichen meteorologischen Einfluss des Austausches her gesteuert 
werden. 


Als vermittelndes Element fiir die Verinderlichkeit des Potentialgefiilles ist 
der Suspensionsgehalt der Luft anzusehen, der, ahnlich wie Wasserdampf, der Aus- 
tauschwirkung unterliegt. Durch seinen Einfluss auf die Leitfahigkeit beeinflusst 
er den Potentialverlauf. 


Um diesen Mechanismus naher zu erkliren, bemiiht man sich seit einiger Zeit, 
anstelle des Potentialgradienten den atmospharischen Widerstand selbst als das 
unmittelbar beeinflusste Element zu erfassen und in seiner Tagesveranderlichkeit 
mit den meteorologischen Vorgiingen zu korrelieren. Dies stellt an die Messtechnik 
hohe Anspriiche. Denn es verlangt die gleichzeitige Erfassung von mindestens 2 der 
3 luftelektrischen Grundelemente Feld, Strom und Leitfaihigkeit. Auch wird dadurch 
das fiir soleche Zwecke verwendbare bisherige Messmaterial stark eingeengt. 


In Abb. 1 ist links der mittlere Verlauf des elektrischen Widerstandes einer verti- 
kalen Luftsiule von 1 cm? Querschnitt tiber dem Erdboden in Abhangigkeit von 
seiner Héhe h dargestellt. Die rechte Teilfigur zeigt im Ersatzschaltbild, dass das 
Potentialgefille H,, den Spannungsabfall an einem Teilstiick w des “ spezifischen 
Saulenwiderstandes ”’ (‘‘ columnar resistance’) W zwischen Erdoberfliche und 
luftelektrischer Ausgleichsschicht darstellt. Sein zeitlicher Verlauf 


E,, (t) = w(t): V (t)/W (t) 


1 Diese Auffassung steht in enger Parallele zu der, die F. M6LLER [4] fiir den taglichen Gang des 
Dampfdruckes entwickelt hat. Sie gibt auch fiir das von R. GUIZONNIER [5] analysierte Verhalten 
der Ganz- und Halbtagsschwingung des Potentialgradienten eine gewisse Erklarung. 
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hiingt von den 3 zeitlich veriinderlichen Gréssen w, W und V (der atmospharischen 
Gesamtpotentialdifferenz) ab. 

Voraussetzung zur Bestimmung dieses “‘spezifischen Saéulenwiderstandes ’ W 
ist also die gleichzeitige Messung von mindestens 2 Elementen sowie deren Kombi- 
nation mit ozeanischen Messungen (Carnegie-Messungen) zur Eliminierung von V (t). 


Der Luftwiderstand muss in dem Masse zunehmen, wie Suspensionen durch 
Austauschwirkung vom Boden aufgewirbelt und in die Atmosphire verfrachtet 
werden. Deshalb sollte sich erwartungsgemiass im Gang des spezifischen Saulen- 
widerstandes der Tagesverlauf des Austausches widerspiegeln. Man sollte also an 
allen Stationen einen gleichartigen Verlauf fiir W 
mit einem Maximum um die Mittagszeit oder 
kurz danach erwarten. 

Dies ist jedoch in dieser einfachen Weise nicht 
der Fall, wie der folgende Vergleich zeigt : 

In Abb. 2 sind die mittleren jihrlichen Ta- 
gesgiinge von W fiir 6 europaische Stationen dar- 
gestellt. An diesen Stationen liegen mindestens 
einjihrige Registrierungen von 2 luftelektrischen 
Grundelementen vor [7]. 

Mit Ausnahme von Davos, dessen abwei- 
chendes Verhalten noch zu klaren ist, sind die 
Kurven einander sehr ahnlich. Sie zeigen eine 
ganztigige Schwingung mit niedrigstem Wert in 
den Nachtstunden und héchstem Wert am Nach- 
mittag. 

Die Erscheinung eines einfachen. 24-Stunden- 
Xythmus zeigt sich bei allen bisher bearbeite- 
Abb. 2-—-Mittlere thaliche Glance des 8 Stationen. Dies ist unabhingig davon, ob die 
spezifischen Saulenwiderstandes (col- Variationen des Potentialgradienten 2 oder 4 
umnar resistance) in prozentualer Dar- Extreme im Laufe des Tages besitzen. 
stellung nach mindestens einjahrigen ; = 
Registrierungen von  Potentialgefalle In einer neueren Arbeit [8] sind weiter alle 
und Leitfahigkeit bzw, Vertikalstrom bjsher iiber dieses Element erreichbaren Daten 
fiir die Stationen: a Spitzbergen; b Paw- : ‘ coat 
lowsk: ¢ Potsdam: d Wahnsdorf/Dres. ZUSammengestellt und auf ihre jahreszeitliche 

den; e Kew ; f Davos. Verschiedenheit untersucht worden. In Tabelle 1 

sind danach die Extremtermine und die Schwan- 

kungsamplituden fiir Winter (November bis Februar) und Sommer (Mai bis August) 
fiir 11 Stationen zusammengestellt. 








Von einem gleichartigen Verhalten der Tagesvariation von W an den einzelnen 
Stationen kann also trotz unleugbarer Ahnlichkeiten kaum gesprochen werden. 
In dem scheinbar naheliegenden Mechanismus Austausch—<Aerosol—Widerstands- 
ainderung—Potentialgefalle sind offenbar wesentliche Bindeglieder und Zusatz- 
mechanismen noch unerkannt. 


Wie H. Isra&é. [8] ausfiihrt, ist es besonders schwierig zu verstehen, dass zwischen 
den europidischen und den aussereuropaischen Stationen Verschiedenheiten bis zur 
Phasenumkehr auftreten (vgl. etwa Davos gegeniiber Watheroo und Bandoeng). 
Es erscheint absurd, einen weltweit phasengleichen Gang von W anzunehmen. 
Eher wird man nach bisher unbekannten ortsklimatischen Einfliissen suchen miissen. 
In gleicher Richtung deutet die in Fairbanks/Alaska und in Wahnsdorf/Dresden 
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zutage tretende Phasenumkehr der Tagesginge vom Winter zum Sommer (vgl. 
hierzu auch die Diskussion der Alaska-Ergebnisse [9], [10]). 


Auf der Suche nach solchen 6rtlichen und meteorologischen Einfliissen wurde 
folgender Weg beschritten: 


Tabelle 1—Charakteristiken des spezifischen Sdulenwiderstandes (columnar resistance ) 
verschiedenen Stationen 


Etwaige zeitliche Lage des | Tagesamplitude 
des Mittels 


Station el Wh i ee ee in % 
Minimum Maximum 


a) Europa 


Spitzbergen federal tas Winter 
Sommer 

WGWIOWSIS cc ick ccc Sek Winter 
Sommer 

BOtEGARY. 266) dike Kee. ks Winter 
Sommer 

Wahnsdorf/Dresden seaee| Winter 
Sommer 

ORE pe. 2s tae Sake news Winter 
Sommer 

Davos Gee, Ree ey, ose Winter 
Sommer 


PRWRORANRORO 


b) Aussereuropdische Stationen +) 


Fairbanks/Alaska ... ... Winter 
Sommer 
‘Tucson et aig 4a tk ee Winter 
Sommer 


TRWARERVO «62-565 tet Sse Winter 
Sommer 


Bandoeng/Java... ...  ... Winter 
Sommer 


WRGGHOEUOO® 6260) d4so lack aes Winter 
Sommer 


+) Winter = Nordwinter = November bis Februar/Sommer = Nordsommer = Mai bis August. 


SAULENWIDERSTAND UND LUFTKORPER 


Kine friihere Untersuchung tiber die Tagesginge des Potentialgefalles bei verschie- 
denem Luftkorper [11] hatte charakteristische Unterschiede ergeben. So trat z. B. 
in Potsdam und Wahnsdorf/Dresden bei Polarluft wiihrend des ganzen Jahres die 
mittigliche Einsenkung stark hervor. Bei anderen Luftkérpern, vor allem bei 
Maritimluft war diese Einsenkung nur im Sommer ausgepraigt und verschwand 
zum Winter hin nahezu vollig. Diese Erscheinung wurde mit der Labilitat der be- 
treffenden Luftmasse, also mit dem fiir die einzelnen Luftmassen verschiedenen 
Austausch in Verbindung gebracht. 


Dies Ergebnis legt die Vermutung nahe, dass auch die ‘“‘columnar resistance” W 
in seinem Tagesgang je nach dem herrschenden Luftkérper verschieden sein kann. 
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Zur Priifung wurden fiir den Zeitraum 1934 bis 1937 aus den Registrierungen 
des Potentialgefalles und der Leitfihigkeit in Wahnsdorf/Dresden die “‘ ungestérten 
Tage ’ nach den 4 Hauptluftk6rpern WM, P, C und T fiir Sommer und Winter zu- 
sammengefasst. Aus ihnen wurden dann die Tagesginge von W berechnet. Das 
Ergebnis ist in Abb. 3a und 3b dargestellt. 











P= Polarluf? 
M= Maritimluft 
—-—-— C= Continentalluft 
| ———— 7=Tropikluft 

















2 
Ortszeit —~ Ortszelt —= 


Abb. 3a—Tagesgange des spezifischen Saulenwiderstandes fiir Wahnsdorf/Dresden im Sommer bei 
P, M, C, T in prozentualer Darstellung. Kurven leicht geglattet nach der Formel (a+ 26+ ¢): 4. 
Mittlere Werte des Verbaltnisses Wy, hycaort/ Wozean: P:0,98; M:1,19; C:1,00; 7: 0,98. 


Abb. 3b—Tagesgange des spezifischen Saulenwiderstandes fiir Wahnsdorf/Dresden im Winter bei 
P, M, C, T in prozentualer Darstellung. Kurven leicht geglattet nach der Formel (a+ 26+ ¢): 4. 
Mittlere Werte des Verhaltnisses W W : P: 1,44; M:1,16; C: 1,12; f: 1,28. 


Wahnsdorf! "" Ozean* 


Im Sommer ist der Tagesgang von W bei allen 4 Hauptluftkorpern auffallend 
ahnlich. Im Winter dagegen springt neben einer tiberhaupt grdsseren Unregel- 
miassigkeit der krasse Gegensatz zwischen MW, C und 7, die annahernd gleichen 
(zum Sommer gegen-phasigen!) Verlauf zeigen, und P mit ginzlich anders geartetem 
Verhalten in die Augen. Der W-Verlauf bei Polarluft im Winter hat eine gewisse 
Ahnlichkeit mit dem sommerlichen Gang aller Luftkérper. 


Einzelunterschiede zu diskutieren, erscheint angesichts des infolge der strengen 
Auswahl geringen Materials noch verfriht. 


FOLGERUNGEN 
Es ist vorerst schwer, sich von den Griinden fiir dies Verhalten ein Bild zu machen. 
Man darf aber wohl mit Sicherheit daraus entnehmen, dass auch bei scharfer Auswahl 
der sogenannten “ luftelektrisch-ungestérten Tage” eine starke meteorologische 
Bindung der Ergebnisse iibrigbleibt und beriicksichtigt werden muss. 
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In Abb. 2 fallt auf, dass der mittlere jaihrliche Gang von W in Wahnsdorf/Dresden 
im Gegensatz zu den anderen Stationen uneinheitlich ist. Nach den Ergebnissen 
kann das wohl so gedeutet werden, dass durch die Vermischung der heterogenen 
Gange bei verschiedenen Luftkérpern diese unklare Mittelkurve zustande kommt. 


Inwieweit die hier gefundene Luftk6orperverschiedenheit allgemeiner oder értlicher 
Natur ist, miissen entsprechende Untersuchungen an anderen Messorten zeigen. 
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Comparison of tropospheric reception 


AT 44:1 Mc. AND AT 92-1 MC, OVER THE 167 MILE PATH, ALPINE, NEW JERSEY 
To NEEDHAM, MASSACHUSETTS 1947-1948* 


GREENLEAF W. PickaRD and Haran T’. STETSON 
Cosmic Terrestrial Research Laboratory, Needham, Mass. 
(Received 4 November 1949) 


ABSTRACT 

Daily comparative field intensity measurements of W2XMN 44 mc and W2XEA 92-1 me at Alpine, 
New Jersey, and received at Needham, Massachusetts, 167 miles distant, have been made for the 
interval August 15, 1947, to December 31, 1948. Both transmitting antennas are on the same tower 
and radiate approximately equal power on the horizon. When reduced to microvolts per metre, the 
two fields received at Needham show similar variation in both daily and monthly values. The field 
of the 92-1 me frequency shows relatively higher values. Variations in both of these fields are closely 
correlatable with atmospheric refraction as determined by calculation from surface meteorological 
data at Boston, which data have higher correlation than similar data at New York or Hartford. 


Because of the importance of over-the-horizon transmission, involving the question of interference, 
a percentage distribution with respect to time and decibels is shown. The data for W2XMN 44-1 me 
comprise a total of 2,112 hrs and those for W2XEA 92-1 me 2,154 hrs. 


The close comparison of both the lower and higher frequencies with atmospheric refraction suggest 
a common mode of propagation. Results indicate that the principal mode of transmission is refractive 
bending in the lower atmosphere for both frequencies. Transmission by duct or by reflection from 
layers, if present, should appear as a wider variation in the measured fields of the two frequencies. 
Duct transmission is relatively insignificant for the 44-1 me frequency on account of the relatively 
long wavelengths involved. 


Beginning in February 1945, station W2XMN at Alpine, New Jersey, initially 
transmitting at 42-8 mc, has been recorded during its operating hours at the Cosmic 
Terrestrial Research Laboratory at Needham, Massachusetts, associated with the 
Massachusetts Institute of Technology. The approximate distance of the receiver 
is 167 miles or 270 km. The present authors have already given account of this 
reception at 42-8 me and some of its meteorological correlations [1] for the period 
February 1945 to June 1946. 


On January 24, 1947, the frequency allocation of W2XMN was changed to 
44-1 me and in the summer of that year station W2XEA, with its transmitting 
antenna on the same tower as W2XMN, began regular transmission at 92-1 me 
with substantially equal power on the horizon to that radiated from the lower 
frequency station. On August 15, 1947, the Needham laboratory began recording 
the field from W2XEA, which was on the same daily schedule as W2XMN, 1600 
to 2300 E.D.S.T. in summer and 1600-2300 E.S.T. in winter. 


The receivers at the laboratory are fixed-frequency receivers, modified from 
the Wilcox CW3 model and are crystal-controlled. Calibrations have been made - 
periodically with a Ferris microvolter. The noise level from antenna and receiver 
is such that at 44-1 me readings under 1 microvolt input are uncertain, which 
corresponds to 1-3 microvolts/metre. On 92-1 me, readings under 1 microvolt 
input are also uncertain, which corresponds to 1-9 microvolts/metre. 


* Extended from paper presented in brief at the International Council of Scientific Unions, Oslo, 
Norway, August 16-18, 1948. 
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In the case of W2XMN, the antenna consists of a dipole and reflector 60 ft 
above ground fed to the receiver by approximately 84 ft of RG59U coaxial cable. 
In the case of W2XEA, the antenna system consists of a dipole with director and 
reflector 33:5 ft above ground and fed through approximately 20 ft of RG59U 
transmission cable. The constants of the receiving antennas were determined by 
use of a field generator which gave for the 44:1 me frequency a value of 1-13 and 
for the 92-1 me frequency a value of 1-2 








370 IK = 
360 vit 1 + t t 
5 | | | 
350 | | i | | 
| + 
WM Surface, 
atid mn 











1947 


—Weekly means of measured field intensities of W2XMN and W2XEA at Needham, Mass., 
compared with corresponding atmospheric surface refraction at Boston, Mass. 


Fig. | 

It is usually assumed that the height gain function is linear. However, an 
actual comparison of measured Alpine fields using similar antennas at 60 ft and 
33-5 ft was made since this would give a check on any possible effect of the topography 
surrounding the laboratory on the measured reception. The results gave a ratio 
of 1-6 in favour of the higher antenna whereas the actual height ratio 60 ft/33-5 ft 
is 1-8. This difference between the linear ratio and the ratio of observed fields 
at these heights differs by 12-5°,, but this difference is not to be regarded as highly 
significant in v.h.f. measurements. Nevertheless, the observed ratio was used to 
multiply the measured fields of the 92-1 me reception on the director-dipole-reflector 
combination at 33-5 ft above ground to obtain values comparable with the fields 
obtained for the 44:1 mc frequency with a dipole and reflector at a height of 60 ft 


above ground. 


In the interest of conserving space, the numerical values are not tabulated but 
graphs are shown giving the results in log microvolts per metre for both frequencies 
and for the purpose of comparison, with the corresponding calculated atmospheric 


refraction. 
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Figure | covers the years 1947-1948, showing at the top in full line the weekly 
means of Boston surface refraction computed from the Boston Weather Bureau 
readings of temperature, pressure and relative humidity taken at 0130 E.S.T. 
This surface refraction is the index of refraction for radio waves [1] using the well- 
known formula (n—1) x 10°=79/T(p+4800 e/t). This differs materially from the 
optical index, which is not substantially affected by water vapour. The full-line 
curve in the lower half of the diagram represents the weekly mean measured field 
intensity in log microvolts/metre of W2XMN. The dotted-line curve gives the 
corresponding weekly means of W2XEA fields. 
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Fig. 2—Daily means of measured field intensities of W2XMN and W2XEA at Needham, Mass., compared 
with corresponding atmospheric surface refraction at Boston, Mass. 


From examination of this graph, it is obvious that the surface refraction, the 
field intensities of 44-1 mc and those of 92-1 me are correlated. The correlation 
is particularly close as concerns the two radio wave fields plotted. And it will be 
noted that while during the summer the fields run substantially at the same level, 
in the winter W2XEA runs somewhat higher. 


For greater detail, the comparison of daily means for two typical months, 
September and October 1947 is shown in Figure 2 together with the calculated 
atmospheric refraction based on Boston meteorological data. Again it is obvious 
that the two daily radio fields are highly correlated with each other and that both 
of these are markedly correlated with Boston surface refraction. 


Not only are the daily mean fields from the two Alpine stations highly correlated, 
but so also are the hourly mean fields, as will be apparent from Figure 3. While 
the general picture of Alpine reception from these two stations as recorded at Need- 
ham shows fields varying widely from second-to-second, and even from minute- 
to-minute, the mean hourly values show fairly close correspondence between these 
two frequencies. Figure 3 shows typical examples for several consecutive days 
during October 1947. 
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Because of the importance in the study of over-the-horizon transmission, often 
involving the question of interference, a percentage distribution with respect to 
time and fields in decibels above one microvolt has been made and graphically 
represented in Figure 4 for both W2XMN and W2XEA. These graphs are based 
on mean hourly fields. It should be remarked that the data comprise a total of 
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Fig. 3—Comparative hourly means for W2XMN and W2XEA for October 7, 8, 14, 15, 1947. 


2,112 hourly values of W2XMN fields, of which 781 hrs were below a recordable 
level. For W2XEA reception, there were included 2,154 hrs of data, of which 
1.334 hrs approximated the noise level. 
The median field of W2X MN is 1-3 micro- _ | 
volts per metre. The median field of yo 
W2X EA is not shown, but can be approxi- 

mated as about 1-6 microvolts per metre. W2XMN 


Ss t 
Since, during this study, we had only PNG 


surface readings available for meteoro- 
logical elements at Boston and at other 
points on the Alpine-Needham path, the 
only definite correlations which can be 
made are with these surface elements and 
with the surface refraction derived there- 
from. Using three years of the resulting 
computed refraction and the correspond- 
ing W2XMN field data, the correlation 
between field intensities and refraction 
along the path found to be the highest 
for Boston refraction. Refraction compu- 07 051 2 § 10 20 30 4050 60% 
ted for the path as a whole utilizing New Fig. 4— Percentage distribution of W2XMN and 
York, Hartford and Boston data showed W2XEA fields in decibels and microvolts/metre. 
definitely lower correlation. A still lower 

correlation coefficient was found when Hartford, Connecticut alone was used 
although this station is at nearly the midpoint of the path and might be expected 
to give a higher correlation. It was for this reason that Boston surface refraction 
was adopted for comparison purposes. After computing correlation coefficients 
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between field and refraction for every six hours of Boston data from the day before 
to the day after our night field recordings, it was found that the correlation coefficient 
was highest for the hour 0130 E.S.T. on the day after the highest fields were recorded 
at Boston. These values of refraction, therefore, have been used in all cases herein. 


In tropospheric transmission, there are three principal modes of over-the- 
horizon propagation to be considered [2]: 1) Wave-bending by general refractive 
lapse rate. 2) Reflection from inversion layers or air mass interfaces. 3) By duct 
transmission. In the absence of vertical soundings along the transmission path 
from Alpine to Needham, it is still possible to determine the probable mode of 
transmission if two sufficiently-separated frequencies are simultaneously measured 
over the same path. If the higher frequency shows the higher field at the distant 
receiver, it may be assumed that it is a case of duct transmission. If the fields are 
substantially the same, it can be assumed that the principal control is the general 
lapse rate of refraction in the lower atmosphere. for refraction may be regarded as 
independent of frequency over the entire range of the radio spectrum here con- 
sidered. If the lower frequency produces the higher field it may be assumed that 
the transmission is by reflection, for here the lower the frequency the higher the 
coefficient of reflection. And finally, duct transmission is unlikely for frequencies 
as low as 44:1 mc for the reason that most ducts do not reach dimensions below 
cutoff for so great a wavelength as 6-8 m. 

A deduction from the observed reception from Alpine at 44-1 me and at 92-1 mc 
is that, in general, the fields vary much alike throughout the year. This close corre- 
spondence indicates a common mode of transmission for both frequencies. Some 
idea of the relative roles of general wave-bending on the one hand and of possible 
reflection of the layer on the other hand may be judged from Figure 2. 


Where, on few occasions such as occurred on September 1 and 13, there was 
a rise in field accompanying a dip in refraction, it appears possible that reflecting 
layers may have been operative. Similarly, a drop in field accompanying a rise 
in refraction, such as occurred on October 18 may indicate an exception to the 
general rule that high surface refraction is accompanied by high refractive lapse rate. 
If reflection was a major contributing factor in tropospheric transmission one 
would expect higher fields for the lower frequency. Since the observed data do not, 
for the most part, indicate this to be the case, it may be concluded that, in general, 
the major control of transmission for the two Alpine frequencies lies in the changing 
lapse rate in refraction in the lower atmosphere. 
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Solare und terrestrische Beobachtungen wahrend 
des Moégel-Dellinger-Effektes (SID) 


AM 19, NOVEMBER 1949 
(Eingegangen 5. Januar 1950) 


ABSTRACT 

An account is given of solar observations, cosmic rays intensity measurements and ionospheric and 
magnetic effects during the strong Sudden [onospheric Disturbance (SID) on November 19, 1949, 
10.30 GMT. 

A solar flare of intensity 3 was reported by the Observatory on Mount Wendelstein, An increase 
of between 9-7 and 20°% of cosmic rays intensity was observed on Mount Predigtstuhl near Reichenhall, 
at Weissenau near Lake Constanz, at Bargteheide near Hamburg and at Freiburg/Breisgau. A radio 
fade-out, accompanied by an increase of the ionic density in the F,-, £,- and F,-layer, was observed 
at Lindau/Harz. A terrestrial-magnetic solar flare effect was recorded at Wingst near Hamburg, at 
Lindau/Harz and at Fiirstenfeldbruck near Munich. 


SONNENBEOBACHTUNGEN 
Roitr MULLER 
Sonnenobservatorium Wendelstein der Universitats-Sternwarte Miinchen 


Beobachtung einer hellen chromosphdrischen Eruption in Hx. 


Datum: 1949, November 19. 

Dauer der Eruption: von 10.29—11.19 Weltzeit (UT). 

Zeit des Maximums: 10.34 UT. 

Koordinaten: 5° S 74° W vom Zentralmeridian. 

Intensitdt: 3 (Skala 1—3). 

Flachengrosse: 15 heliogr. Qu.Gr. 

Da wihrend der Eruption vielfach Wolkenst6rungen auftraten, konnten nur 


einige photometrische Werte der Zentralintensitat gemessen werden: Photometrische 
Bestimmung der Zentralintensitaét durch Messung der Emissionsbreite von Hx: 


10.34h — 9,1 A: 10.44h = 6,3 A: 
10.37h = 89 A; 112lh = 22 A. 


Wiahrend der Eruption wurden am Eruptionsherd 3 aufsteigende Filamente 
beobachtet. Von einer bei 7° S 90° W (also am Westrand der Scheibe) aufsteigenden 
Protuberanz léste sich um 10.37 h UT eine Wolke aufsteigend ab. 


II. BEOBACHTUNGEN DER HOHENSTRAHLUNG 


A. Zusammenhinge zwischen Sonneneruptionen, Lonosphdrenstérungen 
und Ultrastrahlung 


Orro AvuGcusTIN und WILLI MENZEL 
Fernmeldetechnisches Zentralamt, Darmstadt 


Seit Anfang 1948 wird auf dem Predigtstuhl bei Reichenhall von den Verfassern die Héhen- 
strahlungsintensitat mit Hilfe von Ionisationskammern beobachtet. Wir arbeiten mit Kammern 
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von 25 bzw. 501 Inhalt, bei denen die Aufladung der Sonden laufend kompensiert wird. Ausser 
offensichtlichen radioaktiven Einfliissen der Umgebung konnten bei Sonneneruptionen betracht- 
liche Intensitatszunahmen beobachtet werden, die auch unter einem Panzer aus 4cm Blei 
auftraten. 
Ks seien zunichst 2 Beispiele fiir von uns gemessene Zusammenhiinge vorgefiihrt. 
In der Abbildung 1 und 2 stellt die untere Kurve den Verlauf der Zahl der in der 
[onisationskammer gebildeten Ionen (lonenpaare/cm® sec) dar, dariiber befindet 
sich der Verlauf der Horizontalintensitaét des erdmagnetischen Feldes in Nord- 
deutschland [1] und 
xz schliesslich die Feld- 
LS Fee stirke des USA-Kurz- 
ees 20 Pie) wellensenders WW Vauf 
20 MHz. Es ist in Ab- 
bildung | deutlich zu 
sehen, dass ionospha- 
rischer MOGEL-DELLIN- 
GER-Effekt und der erd- 
magnetische “‘solar flare 
effect” zeitlich zusam- 
menfallen, wahrend die 
jh Zunahme_ der _ Ultra- 
; strahlung erst eine 
ah 1. Abb. 2. halbe bis eine Stunde 
Abb. 1—lonisierungsstarke in Jonisationskammer wahrend des M.D.- spater beginnt. Der 
Effektes am 11. 2. 49. Fall der Abbildung 2 


Abb. 2—Ionisierungsstarke in Jonisationskammer wahrend des M.D.- ae pe Ree: # 
Effektes am 16./17. 2. 49. zeigt gleichzeitige erd- 
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korpuskularer Natur; denn die Bai in H fallt in die Nacht, ist also bestimmt kein 
“solar flare effect’. Die zugehorigen Sonneneruptionen konnten wegen Bewolkung 
in Deutschland nicht beobachtet werden. 





Eine einwandfreie Zuordnung 

GB Sonreneruption der Effekte ist nun durch die am 

e 19.11.49 aufgetretene Sonnenerup- 
a ies ie ee tion moéglich, tiber die R. MULLER 
[2] berichtet. In Abbildung 3 ist 
der Verlauf der Intensitat der U]- 
9749  trastrahlung, gemessen in Ionen- 
paaren/cm® sec mit den genannten 
Ionisationskammern, dargestellt. 
Die zeitliche Aufl6sung wurde 
inzwischen auf 10 min gesteigert. 
Mit Einsetzen der Sonnenerup- 
tion, die sehr schnell ihre maxi- 
aa male Intensitat erreicht, tritt so- 
2 18 5 wohleinerdmagnetischer solar flare 
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fone effect [1] als auch ein ionospha- 
Abb. 3—Ionisierungsstarke in Jonisationskammer wéhrend rjgcher totaler MOGEL-DELLINGER- 
des M.D.-Effektes auf dem Predigtstuhl am 19. 11. 49. Effekt [3] auf. Bereits zu Beginn 
der Eruption steigt die Intensitaét der Ultrastrahlung an, wahrend nach einem 
kurzen Abfall das Maximum etwa 1.5 Stunden nach Einsetzen der Eruption 
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erreicht wird. Diese Sonneneruption scheint also eine Komponente der Ultra- 
strahlung ausgelést zu haben, die etwa gleichzeitig oder nur mit geringer Ver- 
zogerung auf der Erde eintrifft, waihrend entsprechend den sonstigen Beobach- 
tungen der Hauptteil der Ultrastrahlung mit der iiblichen Verzégerung von 1 bis 
1,5 Stunden kommt. Diese Verzégerung wurde von uns bisher in jedem Falle fest- 
gestellt, wahrend wir eine sofortige Reaktion bzw. eine so geringe Verzégerung, 
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Abb. 4—Koinzidenzen/20 min in Weissenau am 19. 11. 49. 


die in diesem Falle vom Maximum der Eruption bis zum Maximum der Hohen- 
strahlung nur 15 min betragt, noch nicht bemerkten. 

Gegen 18 Uhr setzt ein missiger magnetischer Sturm ein. Ob dieser mit der 
Sonneneruption zusammenhiingt, ist zweifelhaft (siehe IV). 

Uber eine Schwankung, die antiparallel mit der Sonnenaktivitit (Sonnen- 
fleckenrelativzahl) geht, wird demniichst besonders berichtet werden. 

Die Beobachtungen stellen eine weitere Bestiitigung der Zusammenhinge dar, 
die von ZIRKLER [4] zwischen den Schwankungen der Hohenstrahlungsintentitat 
und der Aktivitaét der Sonne auf Grund von Messungen mit Ionisationskammern 
vermutet und durch Arbeiten von ForsusH [5] und EHMERT [6] sichergestellt 
wurden. 

B. Solare Ultrastrahlung am 19. November 1949 


ALFRED EHMERT 


Forschungsstelle fiir Physik der Stratosphare (in der Max-Planck-Gesellschaft), Weissenau 


Die Teilchenzahl der kosmischen Ultrastrahlung wird hier in Fortsetzung fritherer Arbeiten [6] 
laufend mit zwei voneinander ganzlich unabhangigen Koinzidenzapparaten registriert. Dabei 
wurde am 19.11.49 erneut ein auffallender Strahlungsanstieg nach einer grossen chromo- 
sphirischen Eruption auf der Sonne beobachtet, wie solche fruher von ForBusH [5], DoLBEAR 
und Exxiiot [7] und ExMERT [6] beschrieben wurden. Die Anordnung der Zahlrohre ist in 
Abbildung 4 skizziert. Sie ist bei beiden Apparaten nahezu gleich. Die Koinzidenzen werden 
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in einem Fall fiinffach, im anderen Fall achtfach untersetzt auf mechanische Zahlwerke ge- 
geben, deren Stand alle 20 min registriert wird, beginnend mit der vollen Stunde. Uber den 
Apparaten befindet sich eine 15 cm dicke Betondecke. Sonst werden keine Filter verwendet. 

Die Abbildung 4 zeigt oben die beiden unkorrigierten Registrierungen und den Luftdruck. 
Der Luftdruckeffekt wurde aus langeren Registrierungen zu —3,07%/em Hg ermittelt. Die 
untere Kurve gibt die Mittelwerte beider Apparate nach Reduktion auf konstanten Luftdruck 
wieder. Leider sind die Registrierungen zwischen 11 und 12 Uhr G.-Zeit wegen einer Ab- 
schaltung des Netzes durch die Zentrale unterbrochen, so dass der Beginn und das Abklingen 
der St6rung erfasst wurden, aber nicht das Maximum. 

Der Strahlungsanstieg begann bei uns friihestens 10 min, wahrscheinlich 20 bis 
25min nach dem um 10.29 Uhr GMT beobachteten Aufflammen der Eruption, 
also spiter, als bei den Messungen von AUGUSTIN und MENZEL [8] mit Ionisations- 
kammern im Gebirge. Bei unseren friiheren Beobachtungen [6] war der zeitliche 
Abstand zwischen Eruption und Strahlungsanstieg durchweg grosser. 

Das Mittel von 12.00 bis 12.20 Uhr GMT ist in unseren Registrierungen um 


97°, hdher als der Normalwert. 


Eine kurzzeitige Zunahme der Hohenstrahlung um 15°, am 19, November 1949 


H. Satow 
Fernmeldetechnisches Zentralamt, Bargteheide 


Seit April 1949 wird in Bargteheide (Holstein) in Zusammenhang mit Beobachtungen der 
Ionosphiare die H6éhenstrahlung laufend registriert. Die Messungen werden mit einer Ko- 
inzidenzanlage durechgefiihrt, die aus 6 Zaéhlrohren (Rohrdurchmesser 5 em, Rohrlange 60 cm) 
besteht, von denen je 3 zu einer Serie zusammengefasst sind. Es treten zwischen den beiden 
Serien im Mittel etwa 690 Koinzidenzen in der Minute auf. Die Koinzidenzimpulse werden 
einmal untersetzt, gezihlt und jede Stunde registriert, das andere Mal einer aus Kapazitat 
und Widerstand gebildeten Zeitkonstanten von 5min zugefiihrt. Die Spannung an dieser 
Zeitkonstanten, die proportional mit der auftreffenden Impulszahl steigt oder fallt, wird tiber 
ein Elektrometerrohr laufend von einem Milliampereschreiber aufgeschrieben. Man gewinnt 
so einen kontinuierlichen Uberblick iiber die, Intensitaét der Héhenstrahlung und kann noch 
Schwankungen von 5 min Dauer erkennen. (Nahere Einzelheiten der Anordnung sollen an 
anderer Stelle beschrieben werden.) Trotz sorgfaltiger Netzstabilisierung und staéndiger Kon- 
trolle der Anlage kamen gelegentlich St6rungen der Registrierung vor (z. B. durch Verschiebung 
einer Zahlrohrcharakteristik), die von einer echten Anderung der Hohenstrahlintensitat nicht 
leicht zu unterscheiden sind. Es wurde deshalb im September 1949 eine zweite mit der ersten 
vollig identische Koinzidenzapparatur aufgestellt. Die Zahlrohrsysteme der beiden Anlagen, 
die, von verschiedenen Netzphasen gespeist, elektrisch vollkommen unabhangig sind, sind 
ungeschirmt und ohne Absorber in 3m Abstand iibereinander angeordnet. Ein Hohenstrahl- 
effekt wird erst dann als reel] angesehen, wenn er in beiden Anlagen gleichzeitig auftritt und 
den gleichen zeitlichen Verlauf nimmt. 


Dieser Fall trat erstmalig am 19. November 1949 ein. Um 11 Uhr UT (vel. 
Abbildung 5) setzte plétzlich in dem sonst ruhigen Verlauf der Hoéhenstrahlung 
ein steiler Anstieg der Intensitét um 15°, in beiden Anlagen ein. Die Intensitit 
blieb etwa eine Stunde lang annihernd auf dieser Hohe und fiel dann langsam in 
den folgenden 2 bis 3 Stunden auf den Ausgangswert zurtick. Da alle Zihlrohre 
wiahrend des ganzen Tages einwandfrei arbeiteten, keine Netzst6rung auftrat. 
ferner Luftdruck und Temperatur sich nicht nennenswert veranderten und auch 
das erdmagnetische Feld (nach freundlicher Auskunft von Dr. MEYER, Erdmagneti- 
sches Observatorium Wingst) keine wesentliche Anomalie bis um 19 Uhr zeigte, 
kann die registrierte Zunahme der Koinzidenzzahl nur einer echten kurzzeitigen 
Vermehrung der Hohenstrahlung zugeschrieben werden. 

Dieser Effekt wurde, soweit bisher ermittelt werden konnte, in Deutschland 
noch auf dem Predigtstuhl, am Bodensee und in Freiburg beobachtet (vgl. die 


40 





Solare und terrestrische Beobachtungen wahrend des Mégel-Dellinger-Effektes (SID) 


Referate AuGusTIn und MEeNzEL, Enmert und Sirrkus). Einige Minuten vorher 
setzte auf der Sonne eine starke Eruption ein (vgl. Referat M@LLER), wihrend in 
der Ionosphire ein extremer M6cEL-DELLINGER-Effekt auftrat. Ein zufilliges 
Zusammentreffen der verschiedenen Effekte mit der Héhenstrahlungszunahme 
diirfte wegen der Seltenheit der Ereignisse und ihrer vorziiglichen zeitlichen Deckung 
vollig ausgeschlossen sein. Die Gesamtheit der beobachteten Erscheinungen stellt 
somit eine schéne Bestiatigung der von ZrRKLER [4], EHMERT [6] und ForsusH [5] 
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Abb. 5—Registrierung zweier unabhangiger Koinzidenzanlagen in Bargteheide am 19. 11. 49. 


experimentell belegten, von BaGGE und BIERMANN [9] theoretisch begriindeten 
Auffassung dar, nach der von der Sonne gelegentlich eine sehr energiereiche Partikel- 
strahlung ausgeht, die auf der Erde noch in Meereshohe eine Koinzidenzanordnung 
zum Ansprechen bringen kann. 


D. Uber Beobachtungen der kosmischen Strahlung in der Zeit vom 
18-25. November 1949 


ALBERT SITTKUS 
Phys. Institut der Universitat Freiburg 


Die Intensitat der H6éhenstrahlung wird ermittelt aus 2fach Zahlrohrkoinzidenzen. Die 
Zahlrohre haben einen Durchmesser von 5 cm und eine wirksame Linge von 40 em. Es werden 
2 Gruppen von je 2 parallel geschalteten Zahlrohren benutzt, die in 9 em Abstand tibereinander 
liegen. Die Zahlrohrachsen liegen in Ost-West-Richtung. Die Strahlung ist nicht gefiltert, 
doch tritt fur geneigte Strahlung eine Schwéchung durch Mauerwerk von ca. 40cm Starke 
ein. Registriert werden in stiindlichen Abstanden die Zahlerstaénde eines 8fach Untersetzers 
sowie fortlaufend der Ausschlag eines Integrators. Die statistische Genauigkeit der Koinzidenz- 
zahlung ist ca. 19, die des Integrators geringer. Ausserdem ist hier die Genauigkeit der Zeit- 
bestimmung wegen des langsamen Filmvorschubes nicht sehr gross. 

Die Kurve der Koinzidenzen (Abbildung 5 a) zeigt am 19.11. zwischen 11.00 
und 12.00 h UT einen sehr ausgeprigten Anstieg um etwa 8°,. Nach der Integrator- 
registrierung beginnt dieser Anstieg etwa um 11.00 h UT und erreicht eine grosste 
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Amplitude von 20°,. Auffillig ist das Auftreten von Nacheruptionen am 20. 11. 
zwischen 09.00 und 11.00 h UT, am 21. 11. zwischen 08.00 und 09.00 h UT und viel- 
leicht auch am 22. 11. zwischen 07.00 und 08.00 h UT. Die Effekte sind recht deut- 
lich. aber mit der verwendeten Apparatur allein nicht eindeutig festzulegen. Das 
gleiche gilt von den iibernormalen Werten am 18. 11. zwischen 04.00 und 08.00 h UT 
und am 21. 11. gegen 16.00 h UT. Die Werte in der Nacht vom 19./20. und wahrend 
des 20. sind zum Teil unter normal, vermutlich wegen des magnetischen Sturmes 
am 20, 11. 49. 
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Abb. 6—-Koinzidenzen und Luftdruckanderung in Freiburg in der Zeit vom 18. 11. bis 23. 11. 49. 


Ill. BroBaCHTUNGEN DER IONOSPHARE 
Der Zustand der Tonosphire wihrend des Mdgel-Dellinger-Effektes 
am 19. November 1949 


W. DreMIncerR und K. H. GEISWEID 
Institut fiir Ionospharenforschung (in der Max-Planck-Gesellschaft), Lindau ttber North./Hann. 
Die Beobachtungen der Ionosphare werden in Lindau/Harz mit folgenden Geraten durchgefithrt : 

a) Echolotungsgerat mit automatischer Frequenzvariation; Frequenzbereich 1—16 MHz, 
Spitzenleistung 1O0kW. Impulsfolgefrequenz 50 Hz, Aufnahmefolge normalerweise !/, h. 

b) Echolotungsgerat auf einer festen Frequenz von ca. 1800 kHz; Spitzenleistung 2,5 kW, 
Impulsfolgefrequenz 1 (ein) Hz. 

c) Feldstirkeregistrierung des Senders: Voice of Amerika auf 6078.9 kHz; Abstand des 
Senders rund 400 km. 

Ausserdem wird die Horizontalkomponente des Erdmagnetischen Feldes mit einer Askania- 
feldwaage mit photoelektrischem Registrierzusatz registriert. 

Die Registrierungen, die am 19.11. zwischen 10.00 und 11.30h UT mit ver- 
anderlicher Frequenz gemacht wurden, sind in Abbildung 7 wiedergegeben. Die 
Aufnahme um 10.00 h UT zeigt noch das normale Bild. Dass die E-Schicht in der 
Nahe der Grenzfrequenz (ca. 3 MHz) etwas verwaschen ist, ist nichts Aussergewohn- 
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liches. Die niichste Aufnahme (10.30h UT) begann gerade gleichzeitig mit der 
Hauptphase des M.D.-Effektes. Echos aus der #-Schicht sind nicht vorhanden. 
Auch von der F-Schicht fehlen bei niederen Frequenzen die Reflexionen. Erst bei 
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Abb. 7—Echoaufnahmen mit veranderlicher Frequenz in Lindau wahrend des M.D.-Effektes am 19.11.49. 
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Abb. 8—Festwellenregistrierung, Feldstarke und erdmagnetische Horizontalkomponente in Lindau 


am 19.11. 49. 
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‘a. 8,5 MHz tritt wieder ein schwaches Echo auf, das bis zur Grenzfrequenz der 
ordentlichen und der ausserordentlichen Komponente verfolgt werden kann. Sehr 
deutlich ist auf dieser Aufnahme das Fehlen der schwarzen senkrechten Striche, 
die durch ferne Sender hervorgerufen werden. 


Die nachste Aufnahme, die sofort nach Entdeckung des M.D.-Effektes um 10.47 h 
UT ausserhalb des Routineprogramms begonnen wurde, zeigt bereits wieder Spuren 
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Abb. 9—Verlauf der Grenzfrequenzen in Lindau am 19. und 20. 11. 49. 


der £,- und E£,-Schicht sowie die F,-Schicht im gesamten Frequenzbereich. Die ver- 
ringerte Zah! der vielfachen Reflexionen deutet jedoch noch auf erhéhte Dampfung 
hin. Die folgende Routineaufnahme um 11.00 h UT zeigt die allmahliche Wieder- 
herstellung normaler Verhiltnisse. Die ersten Echos aus der E-Schicht treten bei 
ca. 2,5 MHz auf. Auf der nichsten Aufnahme um 11.30 h UT sind Echos schon 
ab 1,9 MHz sichtbar und die Vielfach-Echos haben wieder normale Stirke erreicht. 
Auch die fremden Sender sind wieder in voller Starke vorhanden. 


Die Registrierung der Festwelle, der Feldstarke und der Horizontalkomponente 
des Erdfeldes sind in Abbildung 8 zusammengestellt (Zeit lauft von rechts nach 
links !). Die Echos auf 1800 kHz setzen um 1030 h. + 1 min ruckartig aus, gleich- 
zeitig sinkt die Feldstiirke des Senders auf 6078,9kHz bis zum Storspiegel ab, 
wihrend die Horizontalkomponente des Erdfeldes eine kleine aber deutliche Ab- 
nahme zeigt. Etwa um 10.50 h fangt die Feldstirke des Senders auf 6078,9 kHz 
wieder an zu steigen; sie erreicht ihren Normalwert gegen 13.30 h UT. Die ersten 
Echos der Festwelle werden gegen 11.45h UT sichtbar. Die Bai-Storung (solar 
flare effect) ist um 11.00 h UT im wesentlichen beendet. 
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Der genaue Verlauf der Grenzfrequenzen (ordentliche Komponenten) der F,-, 
E,- und E,-Schicht sowie der niedersten reflektierten Frequenz fj ist in Abbildung 9 
fiir den 19. 11. und den 20. 11. eingetragen. Simtliche Frequenzen liegen nach dem 
Eintritt der St6rung merklich héher und zwar ausserhalb der Fehlergrenzen der 
Messung und der statistischen Schwankungen. Auffallend ist ein zweiter Anstieg 
der Grenzfrequenz der £,-Schicht, der messtechnisch als gesichert zu betrachten ist. 
Der weitere Verlauf der Grenzfrequenz der F,-Schicht in der Nacht vom 19./20. 
und wihrend des 20. 11. bietet das charakteristische Bild einer [onospharenst6rung 
mit verringerten Grenzfrequenzen. Zu bemerken ist noch, dass der Verlauf von f, 
etwa ab 16.00 h nicht durch die tatsichliche Dampfung sondern durch das Zudecken 
der Echos durch Rundfunksender bedingt ist. (f, ca. 1.4 MHz.) 

Die beobachtete Zunahme der Grenzfrequenz (ordentliche Komponente f°) und 
die daraus abgeleitete Zunahme der Elektronenkonzentration (N,) zwischen der 
letzten Aufnahme vor der Stoérung und der ersten méglichen Messung wahrend der 


Storung ist in Tabelle 1 zusammengestellt. 


Tabelle 1 


Vor der Stérung Nach der Stérung 


f° MHz Zeit (UT) f*°MHz N, Af? MHz 


10: 3.8% .83 + 105 +085 
10: 51.2 i roe - 105 + 1,05 
10-§ 4 


Fiir die Interpretation der Beobachtungen ist folgende Frage wichtig: Ist dei 
Erhohung der Grenzfrequenzen ein besonderes Kennzeichen der Storung am 19. 11. 
oder ist sie eine allgemeine Eigenschaft der MOGEL-DELLINGER-Effekte, die durch 
beobachtungstechnische Umstinde bisher der Wahrnehmung entgangen ist? Die 
zweite Moglichkeit ist nicht von vornherein auszuschliessen. Denn 1. fiihren viele 
Observatorien nur eine Messung pro Stunde durch. Ware dies auch bei unseren 
Beobachtungen der Fall gewesen, so hatte die um 11.00 h UT noch vorhandene 
Erhohung der Grenzfrequenz der F,-Schicht bereits innerhalb der statistischen 
Schwankungen gelegen und ihre Realitét ware zweifelhaft gewesen. Fiir die tibrigen 
Schichten ist allerdings der Effekt auch noch um 11.00 h UT unverkennbar. 2. Die 
Empfindlichkeit der Echolotungsgerate ist bei den meisten Observatorien wegen der 
geringen Sendeleistung wesentlich niedriger als bei unserem Gerat. (Das gilt auch 
fiir das amerikanische C2-Gerat, bei dem die Empfindlichkeit weitgehend der 
Durchlaufgeschwindigkeit geopfert ist.) Infolgedessen registrieren viele Observa- 
torien wahrend der Hauptphase des MOGEL-DELLINGER-Effektes tiberhaupt keine 
Echos und konnen iiber den Verlauf der Grenzfrequenz wihrend dieser Zeit keine 
Aussage machen. 

Wir haben daher unsere eigenen Registrierungen von MO6GEL-DELLINGER- 
Effekten der letzten Monate einer nochmaligen Durchsicht unterzogen und dabei 
festgestellt, dass eine Erhéhung der F,,-Grenzfrequenz tiber die statistischen Schwan- 
kungen hinaus sich in keinem Fall nachweisen lisst, dass aber eine Erh6hung der 
E£,-Grenzfrequenz in manchen Fallen wahrscheinlich ist. Damit stimmen unsere 
Beobachtungen mit den bisherigen Anschauungen iiberein [10], [11]. [12]. Es 
handelte sich bei dem Effekt vom 19. 11. also zweifellos um einen Fall, bei dem ent- 
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weder die Intensitaét der zusitzlich ionisierenden Strahlung ungewohnlich gross 
war oder ihre spektrale Zusammensetzung von der iiblichen wihrend eines M.D.- 
Effektes abwich. Auffallend ist das 2. Maximum der £,-Schicht um 12.00 h UT. 
Es fallt mit dem zweiten Maximum der Intensitét der Héhenstrahlung nach den 
Messungen von Av@ustTrxn und MENZEL [8] zusammen. Der Unterschied im Ver- 
halten der £,- und F,-Schicht deutet darauf hin, dass der Ionisierungsmechanismus 
fiir diese beiden Schichten verschieden ist, eine Vermutung, die bereits an anderer 
Stelle ausgesprochen wurde [13]. 

Uber die Folgerungen, die iiber die Intensitat der ionisierenden Strahlung und 
den Rekombinationskoeffizienten in den verschiedenen Schichten aus den Beob- 
achtungen gezogen werden kénnen, wird gesondert berichtet werden [18]. 


IV. VoRLAUFIGER BERICHT UBER ERDMAGNETISCHE ERGEBNISSE 


J. BARTELS 
seophysikalisches Institut, G6ttingen 

An den Observatorien Wingst (bei Hamburg, mitgeteilt von Dr. O. MEYER) und 
Fiirstenfeldbruck (bei Miinchen, mitgeteilt von Dr. K. BuRKHART) wurde am 
19. November 1949 etwa 10.30 bis 11.00 Weltzeit ein typischer erdmagnetischer 
Effekt einer solaren Eruption (solar flare effect) registriert, mit etwa 20 Gamma 
in H. Genaueres wird die Sammlung der gleichzeitigen Magnetogramme aller Obser- 
vatorien erkennen lassen. 

Der magnetische Sturm, der am 19. November 1949 um etwa 18.00 begann, 
zeigte keine ungewOhnlichen Ziige. Vorlaufige Werte fiir die dreistiindigen erd- 
magnetischen planetarischen Kennziffern Ap sind [14]. 

1949 OO ..0..@..@..%..%..1 ..2..M Weltant 

Nov. 19 3+ 24 3+ : 3+ 44 

Nov. 20 60 j 60 


Der Stérungsgrad Ap = 6+ ist in den 10 Monaten Januar bis Oktober 1949 bereits 
bei 13 Stiirmen erreicht worden. Die internationale erdmagnetische Charakterzahl 
fiir den 19. November wird, nach Mitteilung von Dr. VELDKAMP (DE BILT), voraus- 
sichtlich C = 1,7 nicht tiberschreiten. 


Diese Stérungsgrade sind gering, verglichen mit dem beriihmten Fall For- 
BuSHS, 1946, Juli 25/26, bei dem die kosmische Strahlung anstieg [15]. wahrend 
eine sehr intensive Sonneneruption in einer riesigen Sonnenfleckengruppe mitten 
auf der Sonnenscheibe beobachtet wurde [16] (Juli 25, 16.21 bis 18.30 h); ein inten- 
siver magnetischer Sturm begann Juli 26, 18.47 h, also etwa 26 Stunden spater. 
Auf den veréffentlichten Magnetogrammen der amerikanischen Observatorien [17] 
ist sowohl der riesige solar flare effect wie der folgende Sturm mit klassischer Deut- 
lichkeit zuerkennen. Ap erreichte am 26. Juli 1946 die héchstmoégliche Intensitat 9o, 
was nur bei den intensivsten Stiirmen vorkommt. 


Es ist unwahrscheinlich, dass der magnetische Sturm, der am 19. November 
gegen 18.00 Uhr begann, ursichlich mit der Eruption um 10.30 zusammenhangt ; 
denn diese Zuordnung ist schon deshalb zweifelhaft, weil vom 17. bis 19. November 
1949 allein auf dem Wendelstein mehrere Sonnen-Eruptionen beobachtet worden 
sind. Wahrscheinlicher ist die Annahme, dass der Partikelstrom der gewohnlichen 


47 





Solare und terrestrische Beobachtungen wahrend des Mégel-Dellinger-Effektes (SID) 


J. BARTELS: 


P-Strahlung, der von der Eruption um 10.30 ausging, und der nach etwa 24 Stunden 
die Erdbahn iiberschritt. die Erde verfehlt hat, weil die Abschussstelle nahe am 
Sonnenrand lag. Man hatte dann bei der Eruption vom 19. November 10.30 den 
bemerkenswerten Fall, dass zwar die sehr schnellen Korpuskeln, die den Anstieg 
der Héhenstrahlung bewirkten, die Erde getroffen haben, dass aber die etwas lang- 
sameren Korpuskeln, die einen erdmagnetischen Sturm auslésen, die Erde verfehlt 
haben. Dies ware ein Gegenstiick zum Fall 1946 Juli 25/26, bei dem offenbar beide 
Partikelwolken die Erde getroffen haben, und ist von Interesse fiir theoretische 
Uberlegungen [15], weil sich darin zeigt, dass die harten Héhenstrahlungs-Korpus- 
keln schriger von der Sonne ausgehen kénnen als diejenigen, die erdmagnetische 
Stiirme ausl6sen. 
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ABSTRACT 
By means of V2 rockets samples of air from heights ranging from 50 km to 70 km have been obtained 
in the U.S.A. and sent to us for chemical analysis. These have been tested for oxygen, argon, 
neon and helium. Except in the case of oxygen, the results show that the composition of the air 


at these heights is not appreciably different from that at ground level. A large deficit of oxygen was 
found but this is attributable to the method of sampling. 


I. INTRODUCTION 


For many problems in meteorology and physics it is of importance to know the 
chemical composition of the earth’s atmosphere at all heights. Ultra-violet and 


infra-red spectroscopic methods are applicable to some polyatomic molecules 
present in the atmosphere in small amounts, such as ozone, nitrous oxide, methane, 
or heavy water, and some conclusions can be drawn from light emitted by the aurora 
and the night sky; but for an accurate determination of most constituents the only 
reliable method is chemical analysis. Its application to the composition of the 
stratosphere is made difficult by the problem of sampling at great heights, and by 
the necessity of developing micro-methods capable of dealing with the small 


quantities of atmospheric air obtained. 

Before the last war only the region of the stratosphere up to 29 km could be 
chemically explored [1]. Manned stratosphere balloons, which could carry large 
evacuated metal vessels, reached at most 22 km; pilot balloons equipped with 
light glass vessels and a simple opening and shutting device, collected a few air 
specimens from heights between 22 and 29km. They were analysed either for 
helium [1], [2], [3] or for oxygen [4] and seemed to indicate that in this region the 
helium content was slightly greater and the oxygen content somewhat smaller 
than in the troposphere. The number, and accuracy, of the analyses was, however, 
not sufficient to decide whether these changes indicated a diffusive separation of the 
atmospheric gases beginning at about 20 km, and it was concluded that a successful 
continuation of the research was to be expected only if air samples from greater 
heights could be obtained [3]. 

Such specimens have now been collected. During the past three years, a team 
of scientific workers in the Department of Aeronautical Engineering of the University 
of Michigan have developed ingenious methods for sampling, by means of V2 
rockets, stratosphere air from much greater altitudes than has been possible up to 
now. Several successful flights have been carried out and, thanks to Prof. M. H. 
Nicuots and Dr. D. W. HaGeLBarGcer of the University of Michigan, and to 
Dr. MicuarL FERENCE of the U.S. Signal Corps, and with permission of the 


*Helium Researches XVII—A list of earlier papers of this series is given in Helium Researches 
XIII, Proc. Roy. Soc. A. 1936 157 412. For numbers XIV, XV and XVI see ibid. 1938 165 229 and 238 
and 1945 185 89. These may be consulted for further details of our method. 
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Meteorological Branch of the U.S. Signal Corps, under the sponsorship of which these 
experiments are being undertaken, we have received a few cubic centimetres of air 
from these flights for chemical investigation by our special methods. 


As our previous experiments with air samples [3] had shown that a decrease of 
the oxygen content during storage can hardly be avoided, we had based our helium 
analyses on the ratio helium/(nitrogen+ argon). We followed the same procedure 
in the present series of analyses but determined also the ratio neon /(nitrogen + argon), 
and argon/(nitrogen + argon); in the case of a diffusive separation of the atmospheric 
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gases, the two former ratios should be increased, the latter decreased, and in one 
and the same sample these changes ought to bear a definite relationship to each 
other. 
II. THE COLLECTION OF THE SAMPLES 

We owe the following information to Prof. M. H. Nicos of the University of 
Michigan. V2 rockets were fitted with evacuated steel bottles which communicated 
through a thin-walled tinned copper tube and a break seal to a flushing chamber, 
through which streamed ambient air from an inlet port in the side of the rocket, 
being discharged out of a “‘ reverse scoop” nearer the tail. At a predetermined 
instant of the flight, the break seal was automatically opened, thus connecting the 
bottles with the flushing chamber. After a few seconds the bottles were sealed up 
again by a device which simultaneously heated and squeezed the copper tube. 
Samples were taken on the free climb. Some of the bottles were recovered on 
landing, only slightly battered, and a measurement of the pressure of the air 
contained was in agreement with that expected for correct working of the 
mechanism. 

The gases were pumped into a series of lime-glass bulbs, some of which were sent to us. 
These were of 50 cem* capacity, and contained gas at about 4 cm pressure, that is, approximately 
2-5 cm® at N.T.P. For each analysis we used not more than 0-3—0-6 em$ of air. 

Details of the sampling mechanism will be published at a later date by the 

Research Group at Michigan University*. 


III. Tor ANALYSIS OF THE SAMPLES 


(a) Helium and Neon Determinations—The sample bulb containing air to be analysed is shown 
at A (Figure 1); the air was released from this bulb by breaking the thin glass septum with 


*Some information about the programme of stratosphere research with V2 rockets is contained in 
the recently published book on The Atmospheres of the Earth and Planets [5]. 
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the stainless steel ball B. Water vapour and CO, were removed by the refrigerated trap C and 
the air sample was collected in the storage bulb D by means of the ToEPLER pump beneath it. 


In order to carry out an analysis the procedure was then as follows. A small volume of 
hydrogen was taken from the reservoir and admitted to the reaction chamber J. The copper 
spiral H was heated electrically to a dull red heat for two minutes to ensure complete reduction, 
and the hydrogen was pumped away to vacuum. Then a portion of the stratosphere air in D 
was admitted to the chamber J; alternatively, for calibration purposes, a sample of ground 
level air from the reservoir F could be used. The mercury in the chamber J was raised until it 
just touched the stylus formed by the lower end of the spiral H and the pressure was read against 
the level in the evacuated tube J, using a cathetometer which read to 0-001 mm. The volume 
of the chamber had been previously found by a gas expansion method from air contained in D, 
which had in turn been calibrated by weighing empty and then full of distilled water. 


At all stages the air in IJ was kept dry and free from carbon dioxide by the pellet of dry 
caustic potash in the side pocket. The temperature of the thermostat was read to 0-1° C and 
the volume of the sample taken was calculated to N.T.P. The volume of the chamber was 
about 12 cm* and pressure in the region of 2-4em mercury was commonly used, so that the 
volume of sample taken was between 0-3 and 0-6 cm? N.T.P. The absolute error of this measure- 
ment was of the order of 0-3° but most of this was due to uncertainty in the estimation of the 
volume of the chamber; since we are interested only in relative values of the composition with 
respect to ground level air it is not necessary to take this latter error into account, as it affects 
all results equally. It is very unlikely that our relative errors of measurements exceeded 0-1% 
except in the case of unusually small samples. 

When the volume of the sample had been determined the mercury was lowered in I so that 
the pressure was reduced to about 10 mm and the copper spiral H was heated to redness for 
two minutes. After waiting five more minutes for thermal] equilibrium another pressure measure- 
ment was taken, and this procedure was repeated until a constant pressure was obtained. 
This was taken to be essentially due to nitrogen and argon, the oxygen having been completely 
removed by the copper, and the other constituents exerting a negligibly small partial pressure. 


The results of these experiments gave a ratio of (N,+<A)/(total air) consistent 


with the known oxygen content of air only in the case when “ fresh ” air was taken 
from the reservoir; air which had remained in F for more than a few days in contact 
with stop-cock grease showed a deficit of a few tenths of a percent of oxygen. All 
the stratosphere air samples showed an almost complete lack of oxygen. This 
result has a trivial explanation which is discussed later. As pointed out in the 
Introduction, we related all our results to the nitrogen-plus-argon volume instead 
of to the original volume of the samples. 


The nitrogen-plus-argon volume having been obtained, the sample was released into the 
TOEPLER pump K by opening the stopcock at the top of J, and the sample was pumped into 
the first unit of the fractionating system L, which consisted of a series of 12 mercury displace- 
ment pumps and charcoal adsorbents cooled in liquid nitrogen. This system is essentially that 
used by GLUCKAUF in the work on the helium content of the atmosphere at ground level and 
at heights up to 20 km, and its operation has been fully described [3], [6]. 

After the helium had been separated from the other constituents it was compressed by 
raising the mercury in the bulb MW and admitted to the Prrani gauge N. The galvanometer 
used in the associated WHEATSTONE network was set to give a deflection of the order of 1 em 
for the admission of 10-7 cm N.T.P. of helium. Since 0-3—0-6 cm? N.T.P. of air were taken, 
containing about 5 x 10~* em’ helium per cm the deflection to be measured would be between 
15 and 30 cm. 

Calibration of the PrrANI gauge against pure He was effected by the pipetting system shown 
on the right of the gauge in Figure 1. This system is also due to GLUckaurF although not 
mentioned by him in the paper quoted above. Helium was admitted to the left hand limb of 
the U-tube S, and a known pressure “ p ”’ of the order 1-10 cm measured by a cathetometer, 
trapped off in the inverted cup Q. The mercury from the reservoir was raised just above stop- 
cock P which was then closed. On lowering the mercury to the level “a” the trapped-off 
helium was allowed to expand into the volume defined by stopcocks P and R, and the mercury 


level. From this volume a small amount was trapped in the inverted cup U by raising the 
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mercury to ‘“‘b’”’. The helium remaining in the system was pumped away through R which 
was then closed. The cupful of helium in U was released into the evacuated space, and finally 
a cupful of the expanded gas was trapped off by raising the mercury to just above the stopcock 
T, closing 7’, and taking the mercury down again to the position shown in Figure 1. 


This final cupful was admitted to the Prrani gauge. It is easy to see that since the cups 
had a volume of about 1 cm® (accurately known), and the ‘‘ expansion space ”’ about 400 cm* 
(accurately known), that the volume of helium finally taken would be of the order of :— 


(temperature correction) cm* N.T.P. which is p x 1077 em* N.T.P. 


1 \o 
100) 


p/76 


The deflection due to the helium from the sample having been measured, fractionation was 
continued until all the neon came through the fractionating system, and this was measured in 
the same way. Neon calibration with pure neon was also carried out in the same calibration 
system as for the helium. The gauges are about 2/, as sensitive for neon as for helium [7]. 


It was always found necessary to apply a correction to the deflection readings to take care 

of the fact that the galvanometer scale was not linear. With these corrections we believe that 
the readings obtained were exactly proportional to the volumes of gas admitted to the gauges 
whether the deflections were taken over the middle range of the scale or near the edges. Neglect 
of this precaution in our earlier work produced a final result whose probable error was about 3 
times that of later results where the corrections were applied. 
(b) Argon determination—After at least three independent results were obtained for the 
helium and neon content of each sample, the remainder was transferred from the apparatus 
described above to the apparatus pictured in Figure 2 for the argon analysis. This was achieved 
by cooling the small charcoal tube G (Figure 1) in liquid nitrogen for 15 minutes before sealing 
it off at the constriction and then sealing it on to the argon apparatus at B. This procedure 
would naturally not transfer the remaining neon and helium quantitatively but since the partial 
pressures of these gases are so low compared to that of the nitrogen and argon this was not 
significant. 

After thorough evacuation of the argon apparatus, the sample was released from the 
charcoal tube B and a small portion of it was trapped into the right hand limb of the U-tube C, 
the remainder being adsorbed back into B, and the intervening stopcock closed. The top part 
of C consists again of a reaction chamber for oxygen removal and for measurement of the 
volume of the sample taken. Its volume was determined by previous expansion of a known 
pressure of air from the bulb A, in turn calibrated by weighing empty, and then filled with 
distilled water. 

The sample after oxygen removal was adsorbed into the cooled charcoal tube E via the 
ventil D which was then closed. EH was in communication with a stainless steel tube furnace* 
waxed on to the glass with Apiezon Wax W at a standard ground joint, and containing about 


*We are indebted to Professor W. H. LInNELL of the College of the Pharmaceutical Society, University 
of London, for the gift of such a furnace constructed in his laboratory by Dr. W. J. ArRot. 
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2 g of metallic barium (obtained from the General Electric Co. Ltd.). The barium was heated 
to about 700° by an electric furnace, the waxed joint remaining cool thanks to the water jacket 
below it. 


When the furnace was at its working temperature the sample was released from FE and 
reaction allowed to proceed for 10-15 minutes. After cooling to room temperature the unreacted 
gas was condensed via fF’ into charcoal G for one hour, using liquid nitrogen. The whole system 
was then opened to the pumps for exactly two minutes in order to draw off the trace of hydrogen 
which almost invariably had been driven out of the wall of the furnace and had escaped reaction 
with the barium. Check experiments showed that no loss of argon was possible in this procedure. 


F was finally closed and G warmed to 60° in hot water. After 15 minutes during which 
thermal equilibrium was attained, the carefully calibrated McLrop gauge was read and the 
reading reduced to volume of gas present in the system correct to N.T.P. In nearly all cases 
a single treatment with hot barium was sufficient to remove all the nitrogen quantitatively as 
was shown by transferring the argon back to the furnace section, heating again, returning to 
the McLrEop and re-measuring. 


The McLeop was calibrated by weighing mercury in the closed capillary (i.d. 2-5 mm). 
By means of a least-square method a parabolic equation was found for the relation between 
‘‘ reading ”’ R (em) against volume of gas ¥ (cc) measured at the pressure Rk, with due regard 

. 
for the correction due to the volume of the mercury meniscus. From this was calculated an 
equation for the gas volume correct to N.T.P. (cm*) as a function of reading R, and a table 


drawn up which enabled the volume V_,,,, to be read off corresponding to any value of R 


taken at 20°C. The table included a correction for the proportion of the gas which remained 
in the ** dead-space ”’ 7.e. outside the compression bulb of the McLEop. The above procedure, 
although tedious, was considered worth while, especially as some of the samples had perforce 
to be rather small (ranging from about 0-5 « 10~* em’ to 1-5 x 10-$ em® argon, giving readings 
between 0:6 cm and 1-1 cm). 


The above method follows closely that adopted by Arrot, Epstery, and one 
of the present authors (K.F.C.), for the determination of Krypton and Xenon 


formed in uranium fission [8], the essential difference being in ¢he use of a stainless 
steel furnace instead of the pyrex-envelope type employing calcium instead of barium. 
In fact the work described in this present paper was begun with a pyrex furnace, 
but difficulty was experienced in obtaining metallic calcium of sufficient purity. 
It was found that it was not practicable to use barium in a pyrex-envelope furnace 
on account of the considerably higher temperature needed (about 700° compared 
to 550° for calcium) which led to excessive de-gassing of the glass or the silica tube 
on which the heating element was wound, or both. Rather than attempt to modify 
the design of the pyrex-envelope furnace we proceeded with the stainless steel 
furnace, which had previously been used with barium for another purpose [9]. 


IV. Resutts [10] 
All results obtained for the stratospheric air for helium, neon and argon were 
related to the (nitrogen + argon) value of each sample and were compared with the 
corresponding figures obtained from ordinary laboratory air. This avoids any 
difficulty caused by the variability in the oxygen content; this is important because 
as already stated the oxygen content of some of the stratosphere samples was 
practically zero. The fact that it was not quite zero in other cases (the highest 
value relative to (N,+ A)= 100 was about 1-5) makes certain what is rather obvious, 
i.e., that these low figures do not represent at all the true oxygen content of the 
stratosphere but that this oxygen had been removed from the samples before analysis 
by some hitherto unsuspected agent. A ready explanation of the effect would be 
that the oxygen combined chemically with the heated copper tube which was 
squeezed and soldered to seal off the samples in the rocket bottles. No doubt the 


53 





K. F. Cuacxett, F. A. PANETH and E. J. Witson 


copper tube would remain quite hot for a minute or two after seal-off before the 
rocket returned to an atmosphere dense enough to permit cooling by convection, 
but even .if cooling were more rapid than this due to radiation and conduction, it 
would surprise us, after our experiences with the copper spiral technique, if a very 
serious depletion of the oxygen did not occur in a matter of five or ten seconds. 

Basing, therefore, all our analyses on air from which oxygen had been completely 
removed, we can state the helium, neon and argon results very simply thus :— 

(1) Within experimental error the helium, neon and argon figures in ground 
level air obtained by previous workers have been confirmed (5-24 x 10-*% He, 
1-8 x 10-3 % Ne, 0-93°% A per volume). 

(2) Taking, in turn, the values of the He, Ne, and A ratios to (N,+A) in ground 
level air as 1-000, the following table gives the values of these ratios for all 
stratosphere samples so far analysed. 


Table 1 





Height Date of Date of first 
Sample km sampling | He analysis 


He 





1B 70 km 9 Oct. 
1947 

70 km 27 May 
1948 


0-958+-014 0:993+-008 | 1-004-+-004 


54-58 km 2 Jun. 25 : 1-003 +-003 | 0-997+-:004  1-010+-006 
1949 


16A 50-54 km 2 Jun. y : 0:964-+-003  0-980+-005 0-996+-002 
1949 





Only two results were obtained from Sample 1B and three from 3B; as the 
sampling heights were the same the results are taken together. All the other figures 
are derived from three or four independent analyses except the single argon result 
given for sample 15B, whose volume was too small to make another analysis worth 
while. The probable error quoted for this result is therefore only a rough estimate. 


V. Discussion oF RESULTS 

It is immediately apparent from the Table that the differences in composition 
between the air in the range 50-70 km and at ground level are very small. None 
of the probable errors quoted need be taken very seriously as each of them (except 
the argon of 15B) is derived from only three or four ground level and three or four 
stratosphere analyses. It is, therefore, very doubtful if any deviations in the case of 
the A/(N,+<A) ratio are significant; the neon of 16A is about 2°, too low and the 
helium of 16A and the combined 1B and 3B about 4°% low, the latter (1B+3B) 
having a probable error of the order of say 2°. It is noteworthy that these deviations 
in the case of He and Ne are in the opposite sense to that expected on the assumption 
of gravitational separation of the light and heavy gases, and that they contradict 
earlier results on balloon samples obtained below 25 km which indicated a slight 
surplus of helium—up to about 7° in one case [3]. It is also worth emphasizing that 
helium and neon results of 15B show precise agreement with ground level air. 


VI. PossisLE SourRcES OF ERROR 
While we are confident that our analytical technique is now adequate, there are 
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other factors which should be taken into account before final conclusions can be 
drawn. We feel they fall under two headings :— 

(1) The possibility that the samples sent to us were never representative of the 
stratosphere. This would be the case if for instance the rate of escape of ground 
level air out of the body of the rocket were too slow, or the collecting scoop too close 
to the body, or that the flow of ambient air through the flushing chamber were too 
slow. The air collected would then have come from lower levels than that stated. 
It is the intention of the American workers to carry out further flights in which the 
possibility of these effects will be tested and, if necessary, minimized and we hope 
soon to be able to report whether any modifications of the present technique lead 
to different analytical figures. 

(2) The possibility that even if the sample collected was initially truly repre- 
sentative, its composition was altered before the analyses were carried out. Leaving 
aside the obvious case of the oxygen we feel that the use of glass vessels for transport- 
ing the samples, although easy and convenient and altogether acceptable for 
preliminary work, is bound to lead to small inaccuracies because of the well-known 
slight solubility of helium—and, to a much less extent, neon—in glass, particularly 
when well de-gassed. The differences between the He and Ne values in the 15B 
and 16A samples might then be explained simply by a difference in the technique 
of evacuating and de-gassing the sample bulbs. We hope in the future to be able to 
obtain samples from our American collaborators which have not been in contact 
with glass until the actual analysis. 


VII. Frnat Conciusion 


Air from heights between 50 and 70 km shows within a few per cent the same helium, 
neon and argon content as at ground level. Any small deviations (4°% or less) which 
have been found might quite as well be due to variations in the sampling technique, 
not in the original composition. The deviations are in the direction of deficit 
of helium and neon but one sample of the three so far taken agreed exactly with 
ground level air, and in all cases the argon content was very nearly the same. There 
is, therefore, no evidence that the percentage composition of the air at these heights 
differs from that at ground level. 

It is a pleasure to express to our colleagues in the Engineering Research Institute 
of the University of Michigan our gratitude for sending us these interesting strato- 
sphere samples for investigation, and to the Chief of the Meteorological Branch of 
the Evans Signal Laboratory (Belmar, New Jersey) our thanks for permission to 
publish the results. We are indebted to the Gassiot Committee of the Royal Society 
for financial support, and one of us (E.J.W.) to the Department of Scientific and 
Industrial Research for a grant. 
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ABSTRACT 
The paper discusses certain solar and terrestrial relationships found in a series of observations of cos- 


mic rays made during 1935-1940. No regular periodicity corresponding to that of the sun’s rotation 


was observed, although a 27-day recurrence tendency similar to that of terrestrial magnetic distur- 


bance was found, 

Correlations with formation and central meridian passage of large spots and with flares failed to 
distinguish any significant effect of a solar phenomenon on cosmic rays unless the solar phenomenon 
was also accompanied by a magnetic disturbance. 


INTRODUCTORY 

The purpose of this paper is to discuss on an observational basis the existence 
of relationships between cosmic ray intensity and certain solar phenomena. 
Corin [1] found a correlation coefficient of + 0-52+0-07 for the mean of Ca-, 
dark Hz- and bright Hz flocculi with the cosmic radiation but concluded that this 
was “to a large extent due to a conformable yearly variation in both phenomena”’. 
Hess [2] found a correlation coefficient of —0-48+0-08 between bright H.z-flocculi 
and the Hafelekar data of 1932, 1933 and 1934. Similar correlations have been 
found by IsHr, ASANO, SEKIDO and SHIMAMURA [3]. Broxown [4] has shown that 
times of high sunspot area are associated with times of low cosmic ray intensity 
and vice versa. This investigator also found that higher intensities of cosmic 
rays were associated with lower values of a quantity termed * the sun-spot magnetic 
moment ” [5]. The existence of periodicities or quasi-periodicities in the cosmic 
rays of a magnitude corresponding to the rate of solar rotation has been discussed by 
various authors mentioned below. Also ForBusH [6] has noted the occurrence 
of remarkable increases in cosmic rays on three occasions, all correlated with the 
occurrence of radio fadeouts (indicating a solar flare). The occurrence of one of 
these has been noted also by Y. SEKIDO (private communication). 

This present paper discusses cosmic ray results obtained during the period 
September 1935 to August 1940 at the Commonwealth Observatory, Canberra. 
The measurements were made with an ionization vessel screened on all sides by 
10 cm of lead and held in a temperature controlled hut. Corrections for changes 
in atmospheric pressure and temperature were applied by methods described 
elsewhere [7] and daily averages of cosmic ray intensity (Jg7) were found. The 
solar results used were, in the main, extracted from the International Astronomical 
Union Quarterly Bulletin of Solar Activity. Solar rotations were numbered 
according to the scheme of Barres [8]. The particular solar phenomena con- 
sidered here are: 

(1) Solar rotation period 


Central meridian passage of a large sunspot group 
Bright chromospheric eruption (flare). 
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As will be seen in the sequel, none of these solar phenomena have been accompanied 
by a significant change in cosmic ray intensity unless they have been associated 
with a magnetic disturbance. 


SotarR RoratTion PERIOD 
Hess [2], discussing the cosmic ray results obtained at Hafelekar for some 30 
solar rotations, reported the existence of an apparent 27d periodicity with an 
amplitude of +0°3%. More recently GrHRI and STEINMAURER [9] have discussed 
further Hafelekar results. They find that by arranging daily readings of Jpr 
according to solar phase (27d period assumed) and averaging them, the mean 
apparent variation has a first harmonic with an amplitude of 0-1°% with a maximum 
at the third day of the rotation. Other investigators (quoted by GrHRI and 
STEINMAURER) have found a somewhat similar apparent variation. Thus results 
at Dahlem (12 rotations), Jungfraujoch (10 rotations), and Boulder (20 rotations), 
show curves of similar amplitude with maxima occurring within a few days of each 
other, viz.,—2, +4, and +5 days of the BARTELS rotation. This method of examining 
the results is, of course, not free from objection and other writers (including 
_Forsusu [10] ) have applied more refined statistical methods which have failed 
to show the existence of any persistent period of 27 days. 
Table 1—Harmonic analysis of daily means of Ipr arranged in solar rotations of 274.0. 
Amplitudes (P) and times of maximum (t) of first harmonic ; n=number of rotations. 
(a) Uncorrected for terrestrial magnetism 
Rotations P+s.d t+s.d 
fs days 
Hafelekar results (GEHRI and STEINMAURER) 0-1 3-0 
As for A (Canberra results) 0-22 +0-07 
Nos. 1402-1434 0-13 +0-07 
Nos. 1435-1467 0-11 +0-07 
Nos. 1402-1467 0-12 +0-05 


(b) Corrected for terrestrial magnetism 


Between Nos. 1403-1466 0-12 -+0-07 0-4+1% 


The present observations, when arranged in order of phase, averaged, and 
subjected to harmonic analysis give the results set out in Table 1. This Table 
also gives the GEHRI and STEINMAURER results for the Hafelekar observations. 
It will be seen that there is good agreement in phase between the Hafelekar and 
Canberra observations when compared over the same intervals of solar rotation, 
but when different intervals are used the apparent phase alters, 7.e., the periodicity 
vanishes. The above method, unless carried out for an excessively large number 
of rotations, might be expected to give results influenced by the day-to-day 
terrestrial magnetic disturbances. Accordingly, an attempt was made to eliminate 
the effect of magnetic disturbance. Firstly those rotations during which the 6 
index of magnetic activity (JoHNsTON and Heck [11] ) for any one day did not 
exceed 44 were rejected. Then a correction based on a relation found between 
daily values of the B index and Iz7 was applied to the remaining 37 rotations. 
The amplitude of the variation of these corrected results was less than that for the 
total results. Furthermore, comparison with the standard error suggests that the 
magnetically corrected amplitude is of less statistical significance than is, the 
uncorrected amplitude. It seems likely that the apparent 27d amplitude is there- 
fore due mainly to terrestrial effect. 





A. R. Hoce 


An application of the harmonic dial method of analysis of the present obser- 
vations has shown that there is no persistent 27d periodicity in either the magneti- 
cally disturbed or magnetically quiet rotations. The actual figures are not reproduced 
here, but the relation between the periodicity and magnetism is displayed by means 
of a phase and amplitude diagram, devised by H. H. TuRNER [12] to study sunspot 
phenomena. The daily averages of Jy, were meaned in sets of three giving nine 
values for each solar rotation. Each successive group of nine values was subjected 
to harmonic analysis to obtain the phase and amplitude of the first harmonic, 
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Fig. 1—Phase and amplitude diagrams for 27-day sets of cosmic ray observations throughout 66 solar 

rotations. Values of the C index of magnetic activity when this quantity exceeds 1-4 are shown for 

comparison, The dotted lines represent the results obtained by GEHRI and STEINMAURER through 
rotations 1410-1424. 


e.g., nine pairs of harmonic coefficients were calculated for the nine groups of values 
which commenced in rotation No. 1402 and so on. The phases and amplitudes 
were then plotted against the times at which the groups commenced. If the 
measures have a persistent periodicity the amplitudes will have significant values 
and the phase diagram will consist of a straight line either parallel with or sloping 
to the time axis according to whether the actual period is equal or unequal to the 
adopted value. Completely non-periodic data will give a scattered diagram and 
intermediate cases may be expected. The Canberra results for the rotations 
1402-1466 are shown in Figure 1. There is, of course,an ambiguity of 360° (or integral 
multiple thereof) in the position of the phases. The criterion adopted for the 
Canberra results has been that successive points as plotted should present the 
least change. Thus successive phases of 270° and 30° would be plotted as 270° 
and 390°. 

Between rotations 1402 and 1423 the phase diagram shows a trend representable 
by a straight line with a negative slope of some 60° per rotation. Between rotations 
1424-1444 the trend is approximately horizontal, from 1445-1458 there is a slope 
averaging — 100° per rotation, whilst from 1459-1466 it again becomes horizontal. 
If the associated amplitudes are significant then these phase changes are to be 
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interpreted as showing quasi-periodicities of 31d.5, 27d.0, 34d.5 and 27d.0 respec- 
tively. The amplitudes for the two 27d.0 periods are graphically averaged at 
0-30 and 0-85°% with standard deviations of +0-2 and +0-3°% respectively so that 
only in the second case is the quasi-periodicity real. It is to be noted that the results 
obtained by GeEHRI and 
STEINMAURER (loc. cit.), +20 
which are shown with some | 
360° changes of phase in 
Figure 1, agree reasonably 
well with the Canberra 
results. The amplitudes 
show much variation which 
is generally associated with 
magnetic activity. This aw’ 
can be seen by an examina- NX Ba it 
tion of the lowest portion eho 
, : ays 
of the diagram which DO EN NE Re SR SOM AS Dp em Ye EER 
shows those occasions py ont is the “folded difference pact ela 5 agi a 
when the daily value of the 
international magnetic character index C exceed 1:5. It should be noted that 
the amplitudes refer not to any one day but to a period of 27 days following the 
indicated date. It is found that :— 


(a) more than 75% of the amplitude maxima are associated with C indices 
>1-5 occurring within +0-1 rotations of the date of commencement of the 
relevant 27d period. 

(b) all of the amplitude maxima are associated with C indices > 1-0 occurring 
with +0-2 and —0-3 rotations of the date of commencement of the relevant 
27d period; 

(c) with three exceptions the 86 values of C' >1-7 were closely associated with 
amplitudes well in excess of the average. The exceptions were at rotations 
1428-6, 1438-4 and 1448-5. 

Thus this method of analysis shows that whether or no any near 27d quasi-periodicity 
occurs is in the main determined by the extent of the associated terrestrial magnetic 
disturbance. 

The existence of a 27-day recurrence tendency in the present results, similar 
in many respects to the known 27-day recurrence tendency of geomagnetic distur- 
bance, is perhaps more clearly shown by the application of a method due to CHREE [13]. 
CHREE’S analysis was applied by entering the five highest daily averages of Ip 
for each month one under the other in a column headed “‘day 0”. The average 
values for the successive preceding and following days were then written to the 
left and right of the ‘“‘ day 0” values and similarly for adjoining days. Averages of 
yalues for the days —n, ...—2,—1, 0, +1, +2... -+n, were next obtained and 
material obtained to construct a ‘“‘maximum curve”. Similarly a “ minimum 
curve ” was obtained based on averages for the five lowest values in each month. 
The difference in the values for corresponding days of the ‘maximum curve ” 
and the ‘‘ minimum curve ” gave the “ difference curve’. The “ difference curve ” 
was next folded about day 0 to give the “folded difference curve” shown in Figure 2. 
In this curve a series of pulses at 27, 56, 83 and 112d show the existence of a 
recurrence period of 27-28 days. The figure also shows a pulse at 67d but the 
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reality of this is open to question for, unlike the other pulses, it is not always present 
in the unfolded ** maximum ” and “‘ minimum ”’ curves (not shown). The existence 
of a 27d recurrence tendency has been shown in a similar fashion by other workers, 
e.g.. Monk and Compton [14], Broxon [15] and GeHRiI and STEINMAURER [9]. 

Whilst certain differences exist be- 
gee tween the cosmic ray pulses and 


oe eg A the magnetic pulses derived by 

| f A fr |  CHREE it appears likely that the 

" \ | 27d recurrence tendency in cosmic 

5 Sea ai ee rays is associated with the 27d 

aT, 0 *Y 76 Days +8 recurrence tendency of geomag- 

Fig. 3—Cosmic rays (AJ gr) and formation in central zone netic disturbance. 

of the sun of spots developing into middle- or large-sized Thus the results of the three 
centres of activity. Day 0 the day of formation of the 7 : Bare 

' aa Se methods of analysis as described 

in this section show that there is 

not in the Canberra results a regular persistent periodicity corresponding directly to 

solar rotation. A 27d recurrence tendency similar to that of geomagnetic dis- 

turbance does exist. In other words, the phenomenon of solar rotation does not 

influence cosmic ray intensities directly but only through the intervention of 
































geomagnetic effects. 
OTHER SOLAR PHENOMENA 

Relative Sunspot Numbers.—To separate the effect of magnetic disturbance on any 
relation between relative sunspot numbers (R) and Jz7, partial correlation coefficients 
were calculated between the monthly averages of J,7 and R (=7;z) and between 
[7 and the magnetic character index C' (=r;-) using the whole of the available 
data, i.e., 60 sets. The correlation between S and C in this series was quite small 
(rrc=- 0-07). The partial correlation coefficients r7p and r;-¢ amounted to —0-33 and 

-0-39 respectively. The z-test showed that whilst r7z nearly reached the 0-01 level 
of statistical significance, r7~ was about twice as significant statistically. Thus it 
can be concluded that although some association may exist between the monthly 
relative sunspot number and J,7 the relation between J,7 and magnetic disturb- 
ance is more definite. 
Sunspot formation.—The foregoing method of examining relations between 
sunspots and cosmic rays, on account of the method of averaging employed, may 
obscure more detailed phenomena. Accordingly the relation between /;7 and 
the formation of a large or middle-sized spot in the central meridian zone of the sun 
was also investigated. In the years 1937, 1938 and 1939 I.A.U. Bulletins recorded 
the formation of such spots, on some 90 days. The average value of 1,7 was 
obtained for the whole of these 90 days (termed day 0) together with similar averages 
for each of the seven preceding days (termed days — 1°**—7) and for the ten succeed- 
ing days (termed days +1°:** +10). The results are set out in Figure 3 together 
with the appropriate standard error of the average. The figure shows that there is 
no significant trend of /,, with the formation in the central zone of the sun of a 
group developing into a middle-sized or large centre of activity. 
Central Meridian Passage of Spots.—Changes in I, associated with the central 
meridian passage of a large sunspot group were looked for by a method similar to 
that employed in the previous section. The data for 1937, 1938 and 1939 were, 
however, separated initially into two groups according to whether or not the 
passage of the spot was accompanied by a notable magnetic disturbance. A 
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disturbance was regarded as “notable ”’ if it was associated with the occurrence 
of a B index greater than 4 on the day of the central meridian passage of the spot 
or within four subsequent days. 

In Figure 4, curve A shows the results for 51 re- 
latively non-disturbed passages and curve B gives 
the results for 22 disturbed passages together with 
the standard deviations. It can be seen that passage 
of a large sunspot group across the central meridian 
of the sun is not associated with any appreciable 
variation of cosmic rays unless the passage is accom- 
panied by geomagnetic disturbance, in which case _) liu, 
the /,7 values show a decrease. In Figure 4 the “5 -10 -5 O +5 +10 Days 
decrease apparently commences on the second day Fig. 4—Cosmic rays (A 17) and cen- 
before the passage of the spot. Closer inspection and p2 sg ety Pa: 0 

urve A refers to the central meridian 
comparison with the standard deviation shows that passage of larger spots when the B 
the decrease does not show a statistically significant pene dee th oe pe ee 
departure from the mean value for the twelve days or during the succeeding 4 days. 
preceding the central meridian passage of the spot— (51 Fagin = # —— 
until the day after the passage—a result in keeping Pe") ec aag 4 agian ny i 
with magnetic phenomena. The figure therefore in- 
dicates that the central meridian passage of a large sunspot group does not of itself 
produce a significant fluctuation of cosmic rays. 
Chromospheric Eruption—The occurrence of a bright chromospheric eruption 
or flare of intensity 3+ has been shown by H. M. NEwrTon [16] to be nearly always 
followed in less than two days by a magnetic storm. In the period covered by the 
present observations, however, the proportion of “‘non-storm”’ great flares to 
‘storm ”’ flares is much greater than the average for the longer period discussed by 
Newron. If the Jp, records are analysed by the method used in the previous 
section for occasions when the great flares as listed by NEwToN were (a) not accom- 
panied by magnetic storms and (b) accompanied by magnetic storms then the 
results shown in Figure 5 were obtained. For the flares without storms no appreci- 
able change of Jz, occurred until the fourth or fifth day after the flare when a slight 
drop from the average took place. Closer inspection of the individual results 
going to make up the average, and which are not reproduced here, shows that the 
drop was mostly occasioned by storms without intense flares on September 28, 1938 
(B=4-+) and July 20, 1937 (B=3-+). The curve for flares accompanied by storms 
shows a significant decrease of Jz, for the second day after the flare. The downward 
slope in this curve from the day —-7 appears to be due mostly to the effect of the 
magnetic disturbance of April 25, 1939. This disturbance occurred between the 
two storm-flares of April 21 and May 4 and is also responsible for the apparent slow 
recovery of Ip, in the curve after day + 5. 

The relation between the medium-sized flares and Jz7 was also examined. 
Flares listed in the I.A.U. Quarterly Bulletins as being of intensity 2+, 3—, and 3 
were used and as this gave more data the results were more closely sub-divided 
according to whether the accompanying magnetic disturbance was regarded as 
“slight ’’, ““medium”’ or “considerable”. Disturbances were regarded as (a) 
“ slight ’’, (b) ‘“‘ medium ” or (c) “ considerable ” if the B index occurring on the 
day of the flare or on any of the succeeding 3 days was respectively (a) 3 or less, 
(6) between 3 and 5 and (c) 5 or greater. Figure 6 shows that in the 31 cases of 
medium-sized flares with only slight magnetic disturbance the /,7 values deviated 
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from the mean of the pre-flare days by less than twice the appropriate standard 
deviation. This could not be regarded as statistically significant. The 29 flares 
accompanied by medium magnetic disturbance showed a dip in the Jgr values 
amounting to twice the appropriate standard deviation. The dip occurred four 
days after the flare. The 19 flares which occurred with considerable magnetic 
disturbance were associated with a large drop in J,7 amounting to six times the 
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Fig. 6. 

Fig. 5—Cosmic rays (Al gr) and intense (3+) solar flares. Curve A refers to the occurrence of 5 intense 

flares which were not followed by magnetic storms in less than 3 days. Curve B refers to 7 intense flares 
which were followed in less than 3 days by magnetic storms. 

Fig. 6—Cosmic rays (AJ gr) and solar flares of intensity 2-3 accompanied by varying degrees of mag- 

netic disturbance. The deviations of ]g7 are referred to the mean of all pre-flare days. 
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standard deviation. The value of /,7 in this group showed its first significant 
departure from the average for the pre-flare days on the day following the flare. 
The lowest values were reached 2-3 days after the flare appeared. 

The remarkable increases in cosmic rays noted by ForBusH (loc. cit.) as accom- 
panying certain flares have not been found in the present results, which however 
cover a period earlier than that referred to by Forsusu. The cosmic ray figures 
have also been compared with the occurrence of severe radio fadeouts, which are 
taken as indicating solar flares, but here again none of the notable increases has 
been recorded. 

CONCLUSION 
In conclusion it may be said that none of the following solar phenomena, vz., 
solar rotation, formation of large spot groups in the central region of the sun, central 
meridian passage of spots, or the occurrence of chromospheric eruptions. show any 
significant effect on cosmic rays unless they are simultaneously accompanied by 
terrestrial magnetic disturbance. 

The results show, however, that between the monthly averages of sunspot 
number and J,7 there is a possible but not very likely connection. In general 
it seems that what relationship does exist between cosmic rays and solar phenomena 
could properly be attributed to changes in the earth’s magnetic field brought about 
by solar effects. 
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BOOK REVIEW 


Montcomery, D. J. X.; Cosmic Ray Physics. Pp. viii + 370, with 95 figures and XIX plates. 
Princeton University Press (London: Geoffrey Cumberlege). 40/- net. 


The physics of cosmic radiation probably has the distinction, welcome to the research worker in 
his normal capacity but only discouraging when he turns author, that in no other branch of contempo- 
rary physics is the volume of new work always appearing relatively so large and the significance of 
existing material more rudely disturbed in the process. Moreover, the actual techniques of the subject 
are themselves intimately entangled in the mass of partially digested observational data from which the 
significant features develop, and the writer who must discuss “stars’’, “‘penetrating showers” and 
“bursts” (to name but a few) passes by the relevant techniques without critical discussion at his peril. 
These are difficulties which operate against unity of treatment, and although it cannot be claimed 
that Dr. Montcomery has been completely successful in achieving consistency of presentation—it is 
not always easy to pick out the salient features—he has given us a particularly useful book. He has 
written primarily for the specialist, to whom the chapter on the standard properties of fast particles 
(which is to be found under the unexpected short title “‘Cosmic Ray Apparatus’’),and that following, 
in which the technology of the subject is treated with admirable balance, will prove invaluable. The 
main chapters emphasize the geophysical rather than the fundamental particle aspect of cosmic rays, 
and cover the geophysical intensity variations, the properties and formation of the hard component, | 
the soft component, and the heavy particle phenomena in critical detail and with exhaustive references. 
That on the soft component gives a notably valuable survey of relatively matured data. The value 
of the book is greatly enhanced by the clear, descriptive legends attached to an admirably chosen series 
of plates. The appendices, which include the statistical cascade tables of ARLEY and the Princeton 
range-energy, range-momentum and range-energy loss tables prepared by E. P. Gross, are excellent. 
The book is based on a series of lectures by Professor M. SCHEIN, and it is appropriate that the im- 
portant work of ScHern and his co-workers should be particularly well treated. 


Dr. MonteomeEry has first-hand knowledge of ‘cosmic ray research both in Europe and in the United 
States in recent years, and so is particularly qualified to write at a time when the important develop- 
ments in the two continents have been on rather different lines. “Cosmic Ray Physics’ merits a very 


wide circulation. J.G. Wirson (Manchester) 


INTERNATIONAL COUNCIL OF SCIENTIFIC UNIONS 


MIXED COMMISSION ON THE IONOSPHERE 


The Second Meeting of the above Commission will take place at Brussels on September 4th, 
5th and 6th, 1950. 

The Mixed Commission on the Ionosphere was established by the Executive Committee 
of the International Council of Scientific Unions in 1945. Members of the Commission are 
nominated by the International Unions of Astronomy, Pure and Applied Physics, Geodesy 
and Geophysics and of Radio Science. The present membership is: 


International Scientific Radio Union 
Sir Epwarp APPLETON (Great Britain), President. 
Monsieur R. P. LEJAy (France). Dr. D. F. Martyn (Australia). 
Dr. NEWBERN SmitH (U.S.A.). 


International Astronomical Union 
Dr. V. G. FesseNncov (U.S.S.R.). Dr. B. E. Lyot (France). 
Dr. D. H. Menzet (U.S.A.). Dr. R. v. p. R. WooLiey (Australia). 


International Union for Geodesy and Geophysics 


Dr. L. V. BERKNER (U.S.A.). Professor S. CHAPMAN (Great Britain). 
Dr. A. H. R. Goupre (Great Britain). Dr. L. HaRANG (Norway). 
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International Union for Pure and Applied Physics 
Professor H. S. W. Massey (Great Britain). Professor L. VEGARD (Norway). 
Col. E. HERBAyYs (Belgium) Secretary U.R.S.1. 
Dr. W. J. G. BEyNon (Great Britain) Secretary of the Mixed Commission on the 
Ionosphere. 


The first Meeting of the Commission was held at Brussels in September, 1948, and the 
proceedings of the meeting, together with relevant papers submitted to the Commission, were 
published by the International Scientific Radio Union, with the financial help of UNESCO, 
in 1949. 


At the forthcoming meeting in September of this year the specific topics proposed for dis- 


cussion are as follows: 
(a) Region F, anomalies, (b) Atmospheric oscillations, (¢) lonospheric storms, (d) Formation 
of ionospheric layers, (e) Magnetic variations and ionospheric current systems, (f) Sporadic E 


ionization. 

Ionospheric workers wishing to submit, for the consideration of the Commission, short 
contributions (up to 1500 words) on matters relating to the above or allied subjects, are invited 
to communicate with the Secretary of the Commission, 

Dr. W.J.G. BEYNON 
Department of Physics, University College of Swansea 
Singleton Park, Swansea, Great Britain 


In order to permit printing and circulation before the Meeting, contributions should be 


submitted before June Ist. 1950. 


THE INTERNATIONAL SCIENTIFIC RADIO UNION 


The International Scientific Radio Union (Union Radio Scientifique Internationale—U.R.S.1.) 
will hold its [IXth General Assembly in Zurich on September 11th—27th, 1950. This meeting 
will be attended by representatives from more than twenty countries. 

The Union aims to encourage a world wide study of radio subjects, particularly those of 
importance to other sciences. As a result of the rapid development of radio science the 
Union has recently found it necessary to increase to seven the number of its Commissions 
which are now as follows : 

Commission I—Measurements and Standardization, Chairman: J. H. DELLINGER (U.S.A.), 
Vice-President U.R.S.I.-Commission II—Tropospheric Wave Propagation, Chairman: CHAS. 
R. Burrows (U.S.A.)-Commission I[I—lIonospheric Wave Propagation, Chairman: SIR 
Epwarp V. AppLteron (U.K.), President U.R.S.I.-Commission IV—Atmospherics of 
Terrestrial Origin, Chairman: Professor H. NORINDER (Sweden).-Commission V—Extra- 
terrestrial Radio Noise, Chairman: Dr. D. F. Martyn (Australia).-Commission VI—Waves 
and Oscillations, Chairman: Professor Dr. B. vAN DER Pou (Netherlands), Vice-President 
U.R.S.1.-Commission VII—Electronies, Chairman: Dr. G. LEHMANN (France). 

Scientists interested either in the activities of U.R.S.I. or in its publications may apply 
for further information to the Secretary of the Union, whose address is as follows: 42 Rue 
des Minimes, Brussels (Belgium). 
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The absorption of long and very-long waves in 
the ionosphere 


J. P. STANLEY 
Mathematical Laboratory, Cambridge * 


(Received 18 January 1950) 
ABSTRACT 


Experimental observations on a series of low frequencies have been used to show that models of the 
ionosphere in which the ionization density increases linearly or parabolically with height are unsuitable 
for explaining long and very-long-wave reflection phenomena. Agreement with observation can however 
be obtained if an absorbing or D-region of small ionization density but several kilometers in thickness 
is assumed to lie below the main reflecting region. A model in which the ionization density increases 
exponentially with height is found to include such an absorbing region; this model is used to deduce 
values for the ionization gradient and the electronic collision frequency in the very-long-wave reflecting 
region. 


One of the most interesting points about the phenomena of reflection of long and 
very-long waves from the ionosphere is the way in which the reflection coefficient 
at nearly vertical incidence varies with frequency during the daytime. A detailed 
study of this variation is being made by the Radio Research Group at the Cavendish 
Laboratory, and I am indebted to them and in particular to Messrs. T. W. STRAKER, 
R. N. BracewEtut and J. Harwoop [6] for advance 
information about their results, in the form shown in Winter night 

Figure 1. In this figure, there are plotted the measured ade) Na 
magnitudes of the ‘‘conversion coefficient” ; A, against we 

radio-wave frequency, for different times of day and io ere 
season. By the “conversion coefficient” ,R, is meant 
that complex coefficient which relates the phase and 
amplitude of the vertically polarized radio wave com- 
ponent before reflection at the ionosphere to the phase 
and amplitude of the horizontally polarized wave 
component after reflection. We shall later use the 
symbol ,R, to denote the ‘‘reflection coefficient” 
which relates the vertically polarized component after 
reflection to the vertically polarized component before 109, fropumsey Le om 

















reflection. 
: ; Fig. 1—Experimental curves of 
The purpose of this paper is to develop a theory ate, BRacewxiz and Har- 


which is capable of explaining the experimental curves woop [6], giving the conversion 
coefficient | | R , | as a function of 


° : T. C — r 
shown in Figure 1. WILKES [9] has shown that the fisatiniieg Aaemeninaionte appa 
nature of very-long-wave reflection phenomena at small limits to measured values at 
angles of incidence is probably not very different from times when the signal was less 
: eer é than the noise. 

that at vertical incidence. In the case of vertical 

incidence it is possible to consider analytically two particular models of the iono- 
sphere: in the first, the ionization density is assumed to increase linearly with 


height (the linear model), and in the second to increase parabolically (the parabolic 
*The writer wishes to express his thanks for helpful suggestions and criticisms to Dr. M. V. WILKEs, 
Director of the Cambridge Mathematical Laboratory, and to Mr. J. A. Rarciirre, Mr. R. N. BRACEWELL 
and Mr. H. A. WHALE of the Cavendish Laboratory. He is a member of the University of Toronto Computa- 
tion Centre, and is working at Cambridge under a grant from the Defense Research Board of Canada. 
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model). In the present paper these two models are first used to calculate the con- 
version coefficients ,R, at the frequencies used in the experiments, and it is not 
found possible to reproduce the curves of Figure 1. Next a similar theory is developed 
for a model in which the electron density is assumed to increase exponentially 
with height, and it is shown that the curves of Figure 1 can be approximately 
reproduced if the gradient of electron density and the collision frequency are suitably 
adjusted in the model. The required magnitudes of these quantities are found to 
be quite reasonable. 


At sunset, the ionized reflecting layer moves up into a region of lower collision 
frequency. This is observed experimentally as a phase change of the downcoming 
wave accompanied by an increase in its amplitude. BuppEN, RATCLIFFE and WILKES 
[2] observed that the increase of amplitude at this time noticeably lags behind 
the phase change. This fact led WILKEs [9] to the conclusion that the electronic 
collision frequency in the long-wave reflecting region, even at summer noon, was 
less than 10° per second. We propose to show in this paper that a much larger 
value of the collision frequency is not in fact incompatible with the observations 
of BuppEN, RaTcLirFE and WILKEs [2]. 


ABSORPTION IN THE IONOSPHERE 
The experimental curve of Figure 1 applicable to ‘‘summer noon”’ conditions 
indicates a very low value for the conversion coefficients of radio waves between 
30 and 100 ke/sec. The reflection coefficient ,R, for these frequencies is also very 
small at nearly vertical incidence. There must accordingly be considerable ab- 
sorption of these waves in the ionosphere. Any absorption occurring in the lowest 


ionized region of the atmosphere can account for only a small fraction of the total 
absorption, for otherwise there would be very little downcoming wave at extremely 
oblique incidence on account of the very long path through this region. W1LKEs [9] 
separated the ionized reflecting layer into two regions, a “‘transition region’ of 
very small ionization density forming the bottom of the ionosphere, and a “Te- 
flecting region” lying above it. In each of these regions certain approximations 
were valid. He showed that the effect of the transition region would be extremely 
small in the case of nearly vertical incidence, so that it plays a negligible part in 
short distance transmission. But it is in this case that the observed reflection 
coefficients are lowest (WEEKES [7|). We must conclude, therefore, that the bulk 
of the absorption takes place in the reflecting region. 

This introduces a difficulty at sunset which we shall consider in the last section of 
this paper. 

Now the measurements of STRAKER, BRACEWELL and Harwoop [6] were made 
at short distances (less than 200km) from the transmitter, and we have seen 
(WILKES [9]) that the situation in this case does not differ greatly from that at 
vertical incidence. As the equations of propagation are very much easier to deal 
with analytically in the case of vertical incidence, we shall restrict ourselves to a 
consideration of this situation. The “conversion coefficient’? as defined above 
applies strictly speaking to a wave incident obliquely on the ionosphere. We shall 
however retain the same definition for it even when incidence is vertical, treating 
this as a limiting case of oblique incidence. As usual, we shall assume that the 
earth’s magnetic field can be considered as vertical, and that we can omit the LORENTZ 
term. We will throughout use the notation of WikEs [9]. 
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Here X = 4x Ne?/mp*, proportional to the ionization density. 
Y = eH,/mep > 1, proportional to the earth’s magnetic field assumed vertical. 
Z = v/p, proportional to the frequency of electronic collisions. 


Note that the ratio Z/Y is independent of the frequency of the wave, whereas 
the ratio X/¥ is inversely proportional to the frequency. The quantity Z/Y is equal 
to v/py, and expresses the ratio of the electronic collision frequency v to the natural 
angular frequency of gyration p, of electrons around the direction of the earth’s 
magnetic field. Note that py = 8 x 10® sec-. 


PARABOLIC MODEL 

Let us consider the parabolic model, for which in the notation of WiLKes [8], 
X = a-"|Y|k?z?. Here k is the propagation constant in free space, and « is a 
parameter which is itself a function of k. WiLkeEs considered this model in the 
case of vertical incidence. He obtained (section 4 of his paper) formulae for the 
complex reflection coefficients R, and R, of the circularly polarized components 
of the wave. The corresponding plane polarized complex reflection and conversion 
coefficients ,R, and ,R, are obtained simply from these by the relations 


ph, = 3(R,+R,) pk, = —}(R,— R,) 
Now it is easily seen that for a given distribution of ionization with height the para- 
meter « must be proportional to the fourth root of the frequency. Moreover the 


coefficients ,;R, and ,R, depend on « only; and since «* is proportional to k, 
it is convenient to plot log,,|,R,| against (log; «4+B) for various values of 
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Fig. 2. Fig. 3. 


Fig. 2—Conversion coefficients calculated on a ‘parabolic’ model. The curves show log | ; R_| for 
various constant values of Z/Y (vertical incidence) plotted against log «* (which is proportional to 
log frequency). 


Fig. 3—Conversion coefficients calculated using an ‘exponential’ model of the ionosphere. The curves 
show log | || R | as a function of log (sk) { sk is proportional to frequency} for various constant values 
of Z/Y (vertical incidence). 


Z/Y as in Figure 2. The value chosen for the constant B determines the parti- 
cular parabolic law, variation of this constant being effected merely by a lateral 
shift of axes. Figures 1 and 2 have been plotted on the same scale and are directly 
comparable, except for a possible lateral shift of axes in Figure 2 as mentioned 
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above. Making the comparison, we see that there is no — model which will 
explain the very rapid “summer noon” decrease of log |,R, | with increasing 
frequency w hich is observed experimentally. We are restricted to values of Z/Y 
less than about 1-5, since higher values result in a polarization ellipse which is 
very far from circular. Moreover, very large values of Z/Y are inadmissible since 
they would lead to excessive absorption of short waves passing through the D-region. 

Witkes [9] believed that Z/Y<0-1 even = summer noon. The curve for 
Z/Y = 0-1 predicts very little change in log |,R, | with frequency, and it seems 
highly unlikely that the daytime collision frequency can be small enough (8 x 10° 
per second) to give this value of Z/Y. 

It may be argued that the failure to explain the observations with a parabolic 
distribution of ionization density may be due to the assumption that the collision 
frequency is constant. To test this point, we have solved analytically the equations 
of propagation for a parabolic region in which the collision frequency decreases 
inversely with height. The resulting curves are very similar to those in Figure 2. 
We are satisfied that we cannot get over our difficulty in this manner, and it appears 
unlikely that our failure to interpret the experimental curves of Figure 1 on the 
basis of a parabolic model was caused by the assumption of constant collision 
frequency. 


LINEAR MODEL 

In the case of vertical incidence, the equations of propagation given by WILKES, 
for a model ionosphere in which the ionization density increases linearly with 
height ({9]; equations 4:3 and 4:4) may easily be solved in terms of the Airy 
function, which has been tabulated (MimuER [5]). The curves giving the variation 
of log | ,R. | with frequency, to be compared with Figure 1, are even more un- 
satisfactory than they were in the case of the parabolic model. It appears, there- 
fore, that as a model of the long-wave reflecting portion of the ionosphere, the 
linear mode! is also unsuitable. 


EXPONENTIAL MODEL 
The equations of propagation at vertical incidence in a region in which the ionization 
density is proportional to exp (z/s) may easily be solved as the limiting case of an 
EpsTEIN layer (EPSTEIN [3]). Such a layer was shown by EpstTeEIn to lead to a 
wave equation solvable in terms of the hypergeometric function. A general layer 
of this type is given by 
X = € + e*[( ey — €,) (e° + 1) + eg] [e* + 1]-* 
where ¢ = z/s and €, €, €, €, are arbitrary parameters. 


EpsTEIN considered the reflection of waves incident upon the lower side of this 
layer, 7.€. , proceeding from the direction of z = -oo. If we put €, = €, = 0 and let 
€,>0, the portion of this layer which is effective in reflecting very long waves will 
be exponential in form. The fact that in this case the point of reflection itself 
moves towards negative infinity does not invalidate EPsTEIN’s analysis, from which 
we easily obtain the formulae 


| ,R | = exp (— mks) - cosh 2(7 — ¢ ) ks 


| 


| ,R,| =exp(- mks) - sinh 2(5 - é) ks 
(arg ,R, — arg ,R,) = 90° 
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where ¢ = tan~1(Z/Y) and k is the propagation constant in free space. In Figure 3 
we plot log | ,R, | against (1+ log (ks)), for various values of Z/Y. Here again, 
the variation of the parameter s for fixed frequency is effected merely by a lateral 
shift of axes, the reflection coefficient ;R, being a function of the product ks only. 
We see at once that it is possible to interpret the experimental curves on the basis 
of this model; for example, the curve for Z/Y = 1-0 corresponds to the summer 
noon curve of Figure 1. 

Martyn |4], discussing the reflection of medium waves at oblique incidence, 
likewise concluded that the ionization in the tail of the ionosphere must increase 
exponentially with height (although the ‘tail’ he considers would probably extend 
to higher levels than the one we are dealing with here). He rules out the two cases 
which had been treated by APPLETON and RATCLIFFE [1], namely a linear and 
a parabolic law of increase, by showing that either of these two models would 
involve a ridiculously large contribution to the equivalent height of the layer by 
the path in the layer itself. His argument was based on calculations which ignored 
the earth’s magnetic field, and on this account might be considered questionable. 
We agree entirely with his conclusion, although our argument is based on quite 
different considerations. 

By making use of the observed fact that the reflection from the ionosphere of a 
plane polarized wave of frequency 16 ke/sec results in a downcoming wave of approxi- 
mately circular polarization [2], we can obtain from (5-1) an equation connecting 
the parameters ¢ and s, namely 


coth : (5- wm) ) e=4 (since b= ; for a frequency of 16 o/s) 


This relation, in conjunction with a comparison of Figures 1 and 3, enables us to 
obtain the following rather crude estimates of X/Y and s. 

s = 1-7km, corresponding to an increase of ionization density by a factor of 
1-8 per km increase in height. 

Z/Y = tan ¢ = 1-0, corresponding to a collision frequency of 8 x 10° sec™’. 


It should be noted in passing that an increase of ionization density by a factor 
of 1-8 per km increase in height in the very-long-wave reflecting region is not in- 
consistent with the theory that the entire daytime H-region is a simple CHAPMAN 
region with scale height 10 km, and maximum ionization density about 10° electrons 
per ce at a height of approximately 105 km, and that very-long waves are reflected 
from the bottom of this region. It does not appear necessary to introduce a distinct 
D-region. 

However, the idea of a separate D-region is one which has long interested workers 
in this subject. We will therefore go on to consider a model somewhat different from 
those dealt with above. It is illustrated in Figure 4 and corresponds to a region 
with a sharp boundary AB below which there is a second, more weakly ionized 
region also having a sharp lower boundary CD. While this model is perhaps some- 
what over simplified, it has the merit of clearly separating the absorbing D-region 
from the main reflecting barrier, and it has the great advantage of simplicity, both 
from the physical point of view and with regard to solution of the corresponding 
differential equations of propagation. We shall find this model useful in explaining 
why it is that an exponential and a parabolic region, which at first sight seem of 
similar nature, should lead to such different absorption effects. 
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We first assume that the ionization becomes infinite pane = H. We assume 
later that the ionization increases parabolically beyond z= H (dotted curve in 
Figure 4). K isa apie: ter determining = ionization density of the slab 0< z <H. 
It is such that |Y| when K=k/, 

In Figure 5 we » plot log |\R 7 per siniel (constant — log (K/k)) for various 
values of KH. The value of the constant used determines the ratio K/H, so that 
this ratio may be varied merely by a lateral shift of axes. We have assumed 
Z/Y =1-0. The solid curves apply to the case when N becomes infinite at z=H, 











Fig. 4—A simple model of the ionosphere. 


Fig. 5—-Conversion coefticients corresponding to the model of Figure 4. The curves exhibit a | Rx | 

plotted against log (K/k) {K/k is proportional to frequency} for various values of (KH). (Z/Y = 1-0, 

vertic alli ine ale nee). ‘The dotted portions show the modification produced by using the parabolic (dotted) 
main region in Figure 4. 


the dotted portions showing the modification when a suitable parabolic increase 
beyond z=H is substituted. The solid curves for KH> 10 differ very little from 
the curve for KH=10, the reason for this being that very little energy passes 
through a large slab to be reflected from the main barrier. 

It would seem that it might be possible to explain the experimental curves on 
this basis, the curve for KH=5, for example, having a very steeply decreasing 
portion. The curve for KH=38 has an interesting ‘dip’—presumably caused by 
interference between the waves reflected from the forward and main interfaces of 
the layer. The effect of this interference is only noticeable when the two reflected 
waves are of nearly equal amplitude, so that it is not observed if KH is very small 
or very large. 

It will now be seen that the essential difference between the parabolic and ex- 
ponential models is the presence of the long thin ‘tail’ of the latter. For the right- 
hand portion of the curve KH=5 in Figure 5 represents in effect the absorption 
curve of a parabolic region to which a tail has been attached. The shift of axes 
required to bring this portion into line with the “summer noon”’ curve of Figure 1 
is such that the value of A for this tail is small, so that the tail is in fact long and 


tenuous 

We may thus, perhaps, interpret our previous results in the following manner. 
At the very bottom of the H-region, there is a region of very low ionization density 
(less than 100 electrons /cm*) which extends for a depth of several kilometers. 
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It is this region which produces the large variation in absorption observed at 
summer noon between 16 and 40ke/sec. Such a layer may of course be used to explain 
many of the ionospheric effects observed on low frequencies. For example, it might 
be considerably enhanced when a solar flare occurs, in which case it would tend 
to reflect 16 ke/sec and thus produce the marked phase changes observed at these 
times. One must remember, howeyer, that one has in effect introduced another 
parameter, and there must of course be a limit to the extent to which we can do 
this in any satisfactory theory. 

In all this work we have assumed that the ionization density increases upwards 
indefinitely ; if this were the case, and if Z/Y were everywhere the same, the re- 
flection coefficient for all frequencies above about 30 ke/sec would be negligible at 
vertical incidence. But the observed reflection coefficient passes through a minimum 
somewhere above 30 ke/sec, and then recovers. The reasons for this discrepancy 
are as follows. . 

(1) It has been assumed in our previous analysis that the ionization density 
becomes infinite as the height increases, whereas in fact it levels off near the top 
of the H-region. When we are dealing with very low frequencies, this assumption 
leads to an error which is completely negligible, but when we come to higher frequen- 
cies it becomes more important, and may seriously alter the picture. 

(2) In our theoretical analysis we have, following WILKEs, assumed that | Y|>1. 
This implies that we are dealing with a frequency very much less than the gyro 
frequency (1:3 Mc/sec). As we approach this frequency, our analysis becomes 
inapplicable. 

(3) Since the greater frequencies are reflected from higher levels in the ionosphere 
the effective value of Z/Y, which is proportional to the collision frequency, will 
decrease with increasing frequency. 


THE SuNSET EFFEcT 
We see that the normal daytime absorption effects on long and very-long waves 
can be explained on the assumption that the ionization increases exponentially 
with height, the value of Z/Y in the long-wave reflecting region being approximately 
unity, during the day, implying a collision frequency of about 8 x 10° sec. 

We cannot rule out the possibility that there is a small subsidiary region which 
makes its appearance below the main region at times when the sun’s zenith angle is 
small, or at the time of a solar flare. In fact, we have seen that the exponential 
region may be thought of as introducing just such a subsidiary region. 

Now WirkEs [8] put forward an objection to the theory that Z/Y is of the 
order unity during the day. At sunset, there is a considerable phase change of the 
downcoming wave on 16 ke/sec, indicating a definite increase of reflection height, 
before any marked amplitude change occurs (BUDDEN, RatcLirrE and WILKES, 
[2]). When the phase change is nearly over, there is a relatively sudden increase 
of amplitude. Now the collision frequency is probably proportional to the air 
pressure, and hence will decrease exponentially with height. WiLKEs observed that 
the total change in reflection height at sunset corresponds to a decrease in the air 
pressure in the ratio of 20:1. He found it hard to believe that the corresponding 
change in the collision frequency could fail to produce a marked effect on the 
amplitude, unless collisions were everywhere negligible in the reflecting region. 

For a region in which the ionization density increases with the height z, as 
exp (z/s), we have seen that the conversion coefficient is given by (5-1). As the phase 
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changes and the layer moves up at sunset, Z/Y decreases, probably exponentially 
following the pressure drop. Thus unless ks is small, we see from (5-1) that | ; Ry, 
should at the same time increase approximately exponentially with ¢ (note that 
¢@ = tan~’ (Z/Y) and depends on the collision frequency). This increase is in fact 
not observed on 16 ke/sec until well after the main phase change is completed. 

There are at least two ways in which this effect might arise. In the first, the 
parameter s might increase as ‘é decreased, the changes more or less compensating. 
This would imply a decrease of the gradient of ionization density at sunset. There 
are however two difficulties with this idea. First, if the long wave reflecting region 
is like the tail of a CHAPMAN region, it will rise vertically without change of shape 
at sunset. Secondly, a decreasing gradient of ionization at sunset would give rise 
to an amplitude lag not only on 16 ke/sec but also on 30 ke/sec. Such a lag does not 
appear to be observed on 30 ke/sec [6]. This suggests however that two opposing 
mechanisms are at work which balance at or near 16 kc/sec but do not balance at 
30 ke/sec. 

The second possibility requires us to take into account the fact that Z/Y de- 
creases exponentially with height. We have worked out some numerical examples 
on the assumption that Z/Y decreases exponentially with a constant scale height 
of 6 km, and that the height of the reflecting region varies at sunset according to 
the familiar CHAPMAN law 

log f(x) = const + 2/H 


These calculations were based on a process of curve-fitting and are rather approxi- 
mate in nature. Moreover in order to reproduce the exact foym of the experimental 
curves, it was found necessary to fix the available parameters in a rather arbitrary 
manner. However, the analysis does show that the tendency is in the right direc- 
tion; an exponential decrease of Z /Y in the ionosphere would in fact tend to intro- 
duce a delay in the increase of amplitude at sunset. 

It should be noted that the introduction of a collision frequency which varies 
with height in this manner does not affect our conclusions as to the suitability of 
the various models of the ionosphere previously considered. These conclusions 
were based on observations of different frequencies at a given time of day rather 
than of a single frequency throughout the day. 

On such theories we can only hope to give a qualitative explanation of the 
sunset effect, because of the assumptions made. Moreover, because of the number 
of adjustable parameters involved, it is difficult to deduce from the observations 
reliable values for the collision frequency, or for the ionization gradient at sunset. 
However, the theory indicates that it is possible to interpret the sunset effect 
without making the assumption that the collision frequency is small in the reflecting 
region. 
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Uber die Diaimpfung der ausserordentlichen Komponente 
in der E,-Schicht der Ionosphire 
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Northeim, Hannover 


(Eingegangen 10. Mai 1950) 

ABSTRACT 

The experimental observation, that no extra-ordinary radio echoes can be received from the normal 
E Layer round sunrise and sunset for frequencies within the range from the gyro-frequency (1:39 Mc/sec) 
to about 2:5 Me/sec, is shown to be in accordance with numerical considerations. The reason for this is to 
be found in the high mean electron collision frequency, which prevents the real part of the refractive 
index from becoming substantially less than unity, a necessary condition for appreciable reflection. 
It is further shown that, in such cases, the extra-ordinary limiting frequency of the £, Layer can be 
identified as the frequency at which the first echoes are received from a layer at a greater height. 


I. EINLEITUNG 
Unter den Echolotungsaufnahmen der Ionosphire mit kontinuierlich verinderbarer 
Frequenz stellen die Abbildungen 1 und 2 keinen Sonderfall dar. Abgesehen von 
schwachen Streuechos aus der abnormalen #-Schicht fallt in Abbildung 1 der plotz- 
liche Einsatz stark verzégerter, ordentlicher (0.) Echos und (bei einer héheren 
Frequenz) der ebenso plétzliche Einsatz ebenso stark verzégerter, relativ kraftiger, 
ausserordentlicher (a.o.) Echos aus der F-Schicht auf. 
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Abb. 1—Echolotungsaufnahme der Ionosphare mit kontinuierlich verainderbarer Frequenz f vom 23. 
September 1949, 0530 Uhr (MEZ), aufgenommen vom Institut fiir Ionosphdrenforschung in der Mazx- 
Planck-Gesellschaft, Lindau am Harz. 


Es fallt in Abbildung 1 weiter auf, dass die Frequenzdifferenz zwischen den 
Einsatzpunkten der o. bezw. a.o. Reflexionen an der F-Schicht gleich der 
magnetischen Aufspaltung ist, wie man sie fiir die F—Schieht kennt. 

In Abbildung 2 fehlen die a.o. #,—-Reflexionen vollstandig; die a.o. Echos aus 
der héheren L,-Schicht sind deutlich zu erkennen. Markant ist wieder der Einsatz 
sehr kraftiger, gleichfalls verzégerter F—Echos. Die Frequenzspanne zwischen den 
Einsatzpunkten der 0. und a.o. F-—Reflexionen entspricht der bekannten magne- 
tischen Aufspaltung in der £,-Schicht. 
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Nach friiheren Arbeiten, z.B. [1], kann die erwaihnte Verzégerung der 0. wie 
a.o. Echos in Abbildung 1 nur in einer Schicht unterhalb der F-Schicht zustande 
gekommen sein. Abbildung 2 lisst die Ursache speziell in der £,-Schicht suchen; 
sie muss auch schuld sein an dem Fehlen der a.o. L,—Reflexionen. Der plotzliche 
Einsatz relativ kriftiger und dazu noch stark verzégerter a.o. Echos aus der 
F-Schicht schliesst naimlich einen wesentlichen Einfluss der stark dampfenden 
D-Schicht aus; ihr Einfluss ist zweifelsohne in den Mittagsstunden an der langsamen 
Intensititszunahme der a.o. F—Echos zu erkennen. 
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Abb. 2—Echolotungsaufnahme der Ionosphaére mit kontinuierlich veranderbarer Frequenz f vom 6. 


November 1949, 1600 Uhr (MEZ), aufgenommen vom Institut fiir Ionosphdrenforschung in der Maz- 
Planck-Gesellschaft, Lindau am Harz. 





Die Grésse der beobachteten Verzégerung in Abbildung 1 lasst darauf schliessen, 
dass die Einsatzfrequenzen nur ganz knapp oberhalb der o. bezw. a.o. Grenzfrequenz 
der E,-Nchicht liegen miissen. Die beobachtete, magnetische Aufspaltung in der 
E,-Schicht lasst einen ganz wesentlichen Einfluss der Elektronen und nicht der 
Ionen in dieser Schicht erkennen. 

Will man die geschilderten Beobachtungen nach der iiblichen Daimpfungstheorie 
erkliren, dann stésst man auf einen grossen Widerspruch, nimlich den, dass ein 
Signal, dessen Tragerfrequenz nur um den kleinen Betrag Af kleiner ist als die 
a.o. Grenzfrequenz der #£,-Schicht, trotz seines einfachen Weges in dieser stirker 
gedimpft wird als ein Signal der Frequenz Pn + AP welches die £,—Schicht 


zweimal durchdringen muss. (Diese Signale kénnen ja erst an der H,—oder F— 
Schicht reflektiert werden.) 

Es muss darum angenommen werden, dass die #,—Schicht fiir die a.o. 
Strahlungskomponente zwischen der gyromagnetischen Frequenz (f;,;) und ungefahr 
2-5 MHz ein sehr schlechter Reflektor und nicht nur, wie bekannt, ein guter 
Absorber—diese Ansicht ist aber nur zum Teil richtig—sein muss. Diese Vermutung 
wird in den folgenden Untersuchungen bestitigt gefunden. 


Il. THEORETISCHE UNTERSUCHUNGEN 
I—Der Reflexionskoeffizient einer Ionosphirenschicht (I.S.) 
Den Reflexionskoeffizienten einer I.S., d.h. das Verhiltnis der reflektierten zur 
einfallenden elektrischen oder magnetischen Feldstarke, kann man sich in erster 


Naherung in 2 Faktoren zerlegt denken. Der erste Faktor soll das reine 
Reflexionsvermégen der vorgegebenen Schicht ausdriicken; Absorptionsverluste 
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soll er also nicht beriicksichtigen. Der zweite Faktor hingegen soll nur die 
Absorptionsverluste der einfallenden Wellenstrahlung lings ihres Weges in der 
Schicht  beriicksichtigen. 

Beide Faktoren sollen im folgenden in Abhingigkeit von der a.o. Grenzfrequenz 
der £,-Schicht untersucht werden. 


a) Das Reflexionsvermégen einer IS. 


Aus der Literatur ist bekannt, z.B. [1], dass das Reflexionsvermégen einer I.S. «) 
wegen des sich stetig und dazu noch langsam fdndernden Verlaufes der Elek- 
tronenkonzentration (E.K.) und damit auch des Brechungsindex (n) mit der Héhe 
und §) wegen der endlichen Dicke der Schicht stets kleiner ist, als es bei sprung- 
haften Ubergang zum gleichen Wert von n wie im Schichtmaximum der Fall wire. 
Das Reflexionsvermégen ist also kleiner—bei Vernachlissigung eines dusseren 
Magnetfeldes—als die FrESNELschen Formeln in einem solchen Fall angeben wiirden. 


b) Die Absorptionsverluste in einer I.S. 
Die Absorptionsverluste driickt man bei senkrechtem Einfall der Strahlung in eine 
parallel zur ay—Ebene geschichtete Ionosphire durch den Faktor A 


“R 


A =exp(- 2 | xdz) (1) 
o 


aus. Der Absorptionskoeffizient x gibt die relative Abnahme der Feldstirke pro 
Wegeinheit an. Das Integral ist lings des Ausbreitungsweges in der LS. (hier 


lings der z-Achse) bis zum optischen Reflexionspunkt (z,) zu erstrecken. Den 


optischen Reflexionspunkt nimmt man dort an, wo der Brechungsindex den Wert 
Null annehmen wiirde, falls man die mittlere Stosszahl v der Elektronen mit den 
Gasmolekiilen gleich Null setzen, d.h. von Absorptionsverlusten durch Stoss- 


dimpfung absehen koénnte. 


2—Graphische Darstellung des Verlaufes des Brechungsindex und des 
Absorptionskoeffizienten in Abhdngigkeit von der E.K. fiir verschiedene 
Sendefrequenzen 
a) Lineare Zunahme des f,-Wertes: fy = (Ne?/mm)? In den Abbildungen 3a 
und 3b ist der Brechungsindex und der Absorptionskoeffizient der a.o. und o. 
Komponente fiir die Wellenlingen %* = bezw. 2° = 200, 205, und 210m oder 
1-500, 1-463, und 1-429 MHz in Abhangigkeit von f, dargestellt. 

(N sei die Anzahl der Elektronen pro cm?; e sei die Ladung und m die Masse 
eines Elektrons.) Die ausgezogenen Kurven stellen n fiir die mittlere Stosszahl 
v=5x 10° [1/sec], wie sie fiir die H-Schicht allgemein angenommen wird, die 
strichpunktierten Kurven n fiir v=0 dar. Den gestrichelten Kurven kann der 
den Punkten der ausgezogenen Kurven zugehdrige Wert des Absorptions- 
koeffizienten x [1/km] entnommen werden. 

Der Einheitlichkeit wegen wurden dieselben magnetischen Daten angenommen, 
die G. Goupau [2] seiner Arbeit “‘ Zur Dispersionstheorie der lonosphare ”’ 
zugrunde gelegt hat. Die Daten gelten mit guter Naherung auch fiir unsere 
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Versuchsstation hier in Lindau am Harz. Demnach betrigt die gyromagne- 
tische Wellenlinge 24 = 215-7 m oder 1-391 MHz. Von einem evtl. Einfluss des 
LoRENZtermes wurde auch hier abgesehen. 

Man erkennt, dass oberhalb fy bis tiber 1-5 MHz hinaus bei einer mittleren 
Stosszahl von 5-105 [1/sec] sich der a.o. Brechungsindex in den optischen 
Reflexionspunkten (dort wo n= 0 fiir y=0) kaum von | unterscheidet. Mit zuneh- 
mender E.K. durchlauft dieser ein Minimum. Evtl. Reflexionen in diesem minimalen 
n—Bereich spielen fiir die Praxis jedoch keine Rolle, da oberhalb des- optischen 
Reflexionspunktes die Absorptionsverluste sehr stark zunehmen, wie gleich gezeigt 
werden wird. 

Bei héheren Sendefrequenzen nimmt der a.o. Brechungsindex in den optischen 
Reflexionspunkten immer kleinere Werte an. (Vergleiche Abbildung 5!) 

Wesentlich kleiner sind die minimalen Werte von n fiir die 0. Welle. (Vergleiche 
Abbildung 3b!) 

Es muss also das Reflexionsvermégen der #,-Schicht fiir die 0. Welle bedeutend 
grosser sein als fiir die a.o. Wellenstrahlung derselben Frequenz. Tatsiichlich 
errechnet man einen rund 12 mal grésseren FRESNELschen Reflexionskoeffizienten* 
fiir die 0. elektrische oder magnetische Feldstirke als fiir die a.o. Feldgréssen mit 
den entsprechenden n—Werten der zugehdrigen optischen Reflexionspunkte bei 
210m Wellenliange. 

Beziiglich der Absorptionsverluste ist ein Vergleich der Flachen interessant, 
welche die «-Kurven mit den Ordinaten bis zu den optischen Reflexionspunkten 
begrenzen. Nach Gleichung (1) sind nimlich diese Flacheninhalte proportional dem 
Integralausdruck .des Exponenten des Absorptionskoeffizienten. | Uber diese 
Flacheninhalte geben in den vorliegenden Beispielen schon die x—-Werte der optischen 
Reflexionspunkte einen gewissen Aufschluss. Diese Werte sind in den _ beiden 
Abbildungen 3a und 3b durch eine punktierte Linie miteinander verbunden. Man 
erkennt, dass die reinen Absorptionsverluste der a.o. Wellenstrahlung in der £,— 
Schicht bis zu ihrem optischen Reflexionspunkt verschwindend gering sind und dass 
sie iiberdies umso kleiner werden, je mehr sich die Sendefrequenz von héheren 
Werten her der gyromagnetischen nahert. Die Ursache, weshalb also die a.o. 
Strahlungskomponente oberhalb f;,; bis tiber 1-5 MHz hinaus nicht beobachtet 
wird, ist einfach die, dass sie von der #,-Schicht so gut wie tiberhaupt nicht re- 
flektiert wird. Dieser Strahlungsanteil wird lings seines weiteren Ausbreitungsweges 
in der Schicht, in Gebieten héherer E.K. also, vollkommen absorbiert. 

Noch verstindlicher wird diese Erklirung, wenn man sich den Verlauf von n 
und x in einer wirklichen I.S., die nach 8S. CHAPMAN [3] eine parabolische Verteilung 
der E.K. beiderseits des Schichtmaximums aufweisen soll, aufzeichnet. Auf eine 
solche Darstellung wird im folgenden Unterabschnitt 6) eingegangen werden. 


b) Parabolische Verteilung der E.K. 

Da bekannterweise fiir das Reflexionsvermégen einer I.S. nicht nur der minimale 
Wert des Brechungsindex sondern auch dessen Anderung mit der Héhe wesentlich 
ist, wurde die Abbildung 3a fiir eine I.S. mit parabolischer Verteilung der E.K. 
umgezeichnet. 

* Die ‘“‘FrEsNELsche Formel’”’ fiir doppelbrechende Medien wurde abgeleitet. Die allgemeinen 
Zusammenhange sind aber zu kompliziert, um sie hier mit wenigen Worten zu bringen. Sie sollen in einer 


gesonderten Arbeit gebracht werden. Es sei hier nur festgehalten, dass die wesentlichen Ausbreitungs- 
prinzipien in doppelbrechenden und in nicht doppelbrechenden Medien dieselben sind. 
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N =N, [1- @/D)"] 


(NV, = E.K. in der Schichtmitte; z soll von dieser aus gezihlt werden ; D ist gleich 
der halben Schichtdicke.) Als a.o. Grenzwellenliinge wurde %”4, = 205m oder 
f®r, = 1:463 MHz angenommen. Ihr entspricht, wie man sich aus den folgenden 


Gleichungen: 


2 


fy max 


(Tr) 


leicht errechnet, eine Elektronendichte in der Schichtmitte von N= 1-31 - 103/em’. 
Die Abbildung 4 stellt nun den:so erhaltenen Verlauf des Brechungsindex und 
des Absorptionskoeffizienten dar. Die stark ausgezogenen Kurven verdeutlichen 
wieder den Verlauf von n fiir v=5-10° pro sec. Die gestrichelten Kurven verans- 
chaulichen die zugehérigen x-Werte. Die strichpunktierten n—Kurven wurden mit 
v=0 berechnet. Abbildung 4 lisst erkennen, dass die jeweiligen minimalen Werte 
des Brechungsindex, welche sich an sich schon kaum von 1 unterscheiden, nur ganz 
langsam erreicht werden. 

Demnach wird also unsere vorige Feststellung bestitigt: Es fehlt ein praktisch 
nennenswertes Reflexionsvermégen der normalen E-Schicht fiir eine a.o. Wellen- 
strahlung unmittelbar oberhalb der gyromagnetischen Frequenz fy. 

Kine obere Grenze anzugeben ist schwierig, da sie naturgemiiss auch von der 
Sendeleistung sowie der Empfingerempfindlichkeit abhingt. Nach der Ausbrei- 
tung beurteilt liegt sie ungefiihr bei 2-5 MHz. Um dies einzusehen vergleiche man 
die Abbildung 3a mit Abbildung 5. 

Die Zuordung der Kurven von Abbildung 5 entspricht derjenigen von Abbildung 
3a. Als Wellenlinge der jeweils betrachteten a.o. Strahlungskomponente wurden 


2x =100, 105 bezw. 110m, das sind 3-000, 2-857, bezw. 2:727 MHz, angenommen. 


Man sieht, dass bei Sendefrequenzen um 3 MHz oder »*= 100m der a.o. 
Brechungsindex im optischen Reflexionspunkt sich kaum noch von Null unter- 
scheidet. Dieser minimale Wert ist kleiner als der minimale o. Brechungsindex 
fiir 200 m Wellenlinge oder 1-5 MHz Sendefrequenz. Nun ist es médglich 
bei diesen Sendefrequenzen, in der Regel ohne sonderlichen Aufwand, o. Echos 
aus der H-Schicht zu empfangen. Darum ist die Annahme wohl nicht von 
der Hand zu weisen, dass die a.o. Strahlungskomponente von ungefahr 100m 
Wellenlinge gleich gut, wahrscheinlich aber etwas besser, entsprechend dem kleineren 
minimalen n—Wert, von der EL-Schicht reflektiert wird als die ordentliche von 
200 m Wellenlinge. Ungefihre Gleichheit diirfte bei 120 m oder 2-5 MHz liegen. 

Nun kommt es aber trotzdem vor, insbesondere bei leistungsschwachen 
Geriiten, dass keine a.o. H#,-Reflexionen von 2-5 MHz zu empfangen sind, wohl 
aber 0. Echos von 1-5 MHz. Der Grund hierfiir diirfte folgender sein: Bis schliess- 
lich die Ionisation der H-Schicht nach Sonnenaufgang dazu ausreicht, um die a.o. 
Strahlungskomponente von 2°5MHz gerade reflektieren zu konnen, ist die 
Ionisation der D-Schicht nicht mehr vernachlissigbar klein. Damit macht sich 
auch deren stark dimpfender Einfluss gerade auf die a.o. Strahlungskomponente 
bemerkbar und veranlasst so die genannte Beobachtung. 

Uber die Absorptionsverluste in einer I.S. mit parabolischer Verteilung der 
E.K. gibt Abbildung 6 Aufschluss. 
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Als a.o. Grenzwellenlange dieser Schicht wurden 110m angenommen. Als 
Ordinate ist der relative Abstand von der Schichtmitte aufgetragen, als Abszisse 
der zugehérige »-Wert. Die Wellenlingen der a.o. Strahlungskomponenten sind: 
2” = 100, 105, 110 und 200, 205 sowie 210m; diejenigen der o. Strahlungs- 
komponenten sind: %°= 200, 205 und 210 m. 


Der optische Reflexions- 
punkt ist jedesmal durch einen 
kleinen Kreis auf den Kurven 
markiert und durch ihn eine 
Parallele zur Abszisse gezeich- 
net. Man entnimmt Abbildung 
6 leicht folgendes: Falls die 
Welle nur bis zum optischen 
Reflexionspunkt in die Schicht 
eindringt, dann ist die Gesamt- 
dimpfung der a.o. Strahlungs- 
komponente sehr klein; _ sie 
nimmt stetig gegen Null ab, je 
weniger sich die Frequenz dieser 
Kinstrahlung von der gyro- 
magnetischen unterscheidet, 
aber doch grodsser als letztere 
ist. 

Die Absorption der o. Welle, 
die auch wieder nur bis zu ihrem 
optischen Reflexionspunkt in 
die Schicht eindringen soll, ist 
bedeutend grésser als die Ab- 
bene \ sorption der a.o. Komponente 
\z-eomli\\ derselben Frequenz. 

| \\\ Alle Anteile der o. und a.o. 
= _ Strahlungskomponenten, die 

™ iiber ihren optischen Reflexion- 

spunkt hinweg weiter in die 

Schicht eindringen, werden auf 

ihrem weiteren Weg vollkom- 

men absorbiert. Betragt die a.o. Grenzwellenlinge der E,—-Schicht 110m oder 

mehr, dann wird, wie man beispielsweise Abbildung 6 entnimmt, die a.o. 

Grenzwellenlinge auf ihrem Weg zum Schichtmaximum und zuriick viel 

stirker absorbiert als die andere a.o. Strahlungskomponente von nur 100m 

Wellenlange, obgleich sie nach Totalreflexion an der héheren F-Schicht die H,— 
Schicht nocheinmal durchdringen muss. 

Da nach dem Vorhergehenden das Reflexionsvermogen der E,-Schicht bis zu 
a.o. Grenzfrequenzen von ungefahr 2-5 MHz vernachlissigbar klein ist, ist damit 
erklart, weshalb die a.o. H,-Reflexionen um Sonnenaufgang und Sonnenuntergang 
ginzlich fehlen. Man sieht ferner leicht ein, dass—falls die a.o. Grenzfrequenz der 
E,-Schicht kleiner ist, als diesem Grenzwert (ungefahr 2-5 MHz) entspricht—a.o. 
Reflexionen erst unmittelbar oberhalb der a.o. Grenzfrequenz der E,—-Schicht an 
der H,-oder aber F-Schicht beobachtet werden. Dass in Abbildung 1 auch die o. 
Echos fehlen, erklart sich entsprechend. 
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Dieses Ergebnis lasst sich aber auch umkehren. 

Man kann die a.o. Grenzfrequenz der £,-Schicht bei Fehlen von a.o. und oft 
auch o. Reflexionen an der £,—Schicht zu Beobachtungszeiten um Sonnenaufgang 
und Sonnenuntergang mit sehr guter Niherung in den Einsatzpunkten der a.o. 
E,-bezw. F-Reflexionen ablesen. Schon geringe E.K. in der £,—Schicht lassen sich 
so mit Kurzwellen messen [4]. 

Die Arbeit ist eine Mitteilung aus dem Institut fiir Ionosphdrenforschung in der 
Mazx-Planck-Gesellschaft, Lindau tiber Northeim. 


ZUSAMMENFASSUNG 


Durch numerische Betrachtung wurde die experimentelle Beobachtung bestatigt 
gefunden, wonach keine a.o. Echos an der normalen E£-Schicht zwischen der 
gyromagnetischen Frequenz (1-39 MHz) und ungefaihr 2-5 MHz um Sonnenaufgang 
und Sonnenuntergang beobachtet werden kénnen. 

Als Grund wurde die hohe mittlere Stosszahl der Elektronen in der normalen 
E,-Schicht gefunden. Diese verhindert im besagten Frequenzbereich, dass der 
Realteil des Brechungsindex wesentlich kleiner als 1 werden kann, dass er also die 
wesentliche Bedingung fiir ein nennenswertes Reflexionsvermégen einer Schicht 
tiberhaupt erfiillen kann. 

Es wurde weiter gezeigt, dass in einem solchen Falle die a.o. Grenzfrequenz der 
E,-Schicht in den Einsatzpunkten der a.o. Reflexionen an einer dariiber liegenden 
Schicht angelesen werden kann. 
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ABSTRACT 

When a radio wave is transmitted through a medium consisting of free electrons it is well known that 
the product of the refractive index y and the “group refractive index’’ y’ is equal to unity. When a 
steady magnetic field is imposed on the medium, 1 becomes a complicated function of wave frequency 
and the direction of propagation, wu’ is even more complicated and the product wy’ is no longer equal 
to unity. It is shown that it is then convenient to consider values of the product uy’ for different 
frequencies and directions of propagation and sets of curves are given from which the behaviour of 
this product can be visualized as both wave-frequency and direction of propagation are varied. The 
curves were computed by the use of the EDSAC electronic computer. The use of the curves and the 
conditions under which they may be applied are discussed briefly. 


INTRODUCTION 

In ionospheric investigations it is often desirable to know the group velocity of 
radio waves through the ionosphere in the presence of the earth’s magnetic field. 
It is well-known that the phase velocity is given by a fairly complicated expression, 
first derived by APPLETON, and any expression for the group velocity is even more 
complicated. It is not surprising, therefore, that calculations of the group velocity 
which have so far been published [1], [4], [8], [11] have been carried out for rather 
special cases, and the results do not help us to see easily how the group velocity 
might be expected to vary in general with the wave frequency, electron density 
and the direction of the magnetic field. 

It is the purpose of this paper to present some calculations of group velocity 
in such a way that the general behaviour can be easily visualized for a wide range 
of conditions. The algebraic expressions are so involved that the only feasible 
method of presenting the results in a form easily grasped is by way of sets of curves 
representing the results of numerical computations. In the corresponding case of 
the phase velocity, it has been found profitable to trace the curves which show the 
variation of refractive index with electron density and to follow out the manner 
in which these curves become modified as we pass from ‘“‘transverse’”’ to 
“longitudinal” propagation. RaAtTcLirFeE [10] has done this for two special 
frequencies equal to twice (y=4) and one-half (y=2) the gyro-frequency. He 
has shown that these two sets of curves enable us to visualize the behaviour over 
the whole range of frequency. When considering the group velocity it is profitable 
to proceed along the same lines. 

It turns out, however, that it is simpler to consider the behaviour of a quantity 
uu’, where u is the refractive index and y’ is the “group refractive index” given by 


group velocity = => ; (1) 


The quantity py’ is always unity for the case where there is no superimposed 
magnetic field. When a steady magnetic field is present py’ departs from unity 
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and we shall plot curves to show py’ as a function of electron density for two 
particular frequencies (y=2 and y=4) and for a series of directions of propagation. 
In particular we shall follow out in detail how the shape of the curves changes as 
we pass from transverse to longitudinal propagation. Once the behaviour of the 
quantity uy’ can be visualized, it is not difficult to sketch the variation of uz’ by 
combining with the known variation of u. 

The calculations involved in evaluating the complicated expressions for py’ and 
u were carried out, for the most part, on the Electronic Delay Storage Automatic 
Calculator (EDSAC) at the University Mathematical Laboratory, Cambridge, through 
the courtesy of the Director of the Laboratory, Dr. M. V. Witkses. For some of 
the work we calculated » from equation (3) and then used a numerical differentia- 
tion formula to calculate »’ from equation (2). This was found to be unsatisfactory 
in some cases, so that for the latter part of the work the analytical expression 
(equation 9) was employed. The accuracy of most of the curves in this paper is 
only limited by drawing errors. The usual practice was to calculate about 32 points 
(equally spaced along the z-axis). If the curve had any very sharp maxima or 
very steep portions, extra calculations were made around these parts. It is hoped 
that it will be possible for tables of some of the more important results (especially 
for those applicable to conditions in England) to be published in the near future. 


SECTION 1 
The Calculation of the Group Velocity 


Neglecting losses (7.e., absorption) we will define the group velocity as that velocity 
given by the relation 


u=ut+f. on (2) 


of 

where pv =the real part of the refractive index of the medium. In the case of no 
losses, the refractive index has no imaginary part. 

f=frequency about which the signal is concentrated, 7.e., the main or carrier 
frequency in the frequency spectrum of the signal. 

u’ =group refractive index, from which the group velocity is obtained by the 
relation (1). 

c=velocity of light in free space. 

In an ionized medium the value of » can be calculated from the general formula 
given by APPLETON [1]. This formula, when there are no losses, may be written 

2a (1-2) 


pa Ad RA ae RCO 3 
eee 2(1-a)—y?sin?6 + /y*.sin46+ 4y?.cos*6.(1—-x)? (3) 
where x =f,2/f? 


fe =Ne?/mm, 7.e., a factor proportional to the electron density. 

N =electron density. 

e =charge of an electron. 

m =mass of an electron. 

y=Sulf. 

fqy=natural frequency of gyration of an electron about the earth’s magnetic 
field. 

6=the angle between the direction of the earth’s field and the direction of 
propagation. 
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We have put the Lorentz polarization term equal to zero, as is common practice 
nowadays. The upper (+) sign refers to the ordinary component of the doubly 
refracted wave and the lower (—) sign to the extraordinary component. This 
convention with respect to signs will be adhered to in this paper. 

The manner in which uv? (and hence z) varies with the parameter x for various 
values of y has been very completely illustrated by RarcuirFre [10]. This paper 
is largely an extension of that treatment to include the variation of y’. 


SECTION 2 
The No-field Case 
In an ionized medium not influenced by any stationary magnetic field, equation (3) 
reduces to 
u? = l-x (on putting y = 0) (4) 
° , 9 CH 
oe Se. 4a 
pe = ut uf. (4a) 

We will take this condition, viz., that the product yy’ remains equal to unity, 
as an indication of simple behaviour. In the past, this condition has often been 
assumed in order that the shape of the (h,’f) curve which would be expected to 
be obtained from a given type of ionospheric layer might be calculated. Examples 
are given by APPLETON [2], BookER and SEATON [5], PreRCE [9], and others. 

It will be observed that equation (3) again reduces to (4) if sin?6=1 and the 
t+ve sign is taken. This is the condition for propagation of the ordinary 
component transversely to the earth’s magnetic field. We will now consider this 
component in more detail. 

SECTION 3 
The Ordinary Component 
For exactly transverse propagation, 
2 =l-x 
‘ne =!) 


For exactly longitudinal propagation, put sin?6=0 in equation (3). Then 


Ordinary component, y=} (Figures 1 and 2)—For a frequency of twice the gyro- 
frequency, i.e., y=}, the relations (4)-(5a) are shown in Figure 1. 
In Figure 1 (a) we have: 
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In order to investigate the manner in which the curves change from those in 
1 (a) to those in 1 (b) as the angle between the wave normal and the magnetic 
field changes from 90° to 0°, it is necessary to use the complete formula given 


in equation (3). 
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Re-write equation (3) as: 


; 22:3 x(1—2) . 
“fd — + ee Ie 


where D = 2(1 — x) — y*sin?6 + v/ yssinso + 4y2cos?0 (1 — 2) 


— y'tsin'® + 2y?cos*§ (3x — 1) (1 —2) 


and fD' = 4x%+ 2y*sin?6 a \/ ytsin* 0 + 4y2cos?@ (1 — x)? 
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The quantity uy’ has been calculated for different values of sin?6 from sin?6=1 
(transverse propagation) to sin?6=0 (longitudinal propagation) in intervals of 
sin?6=1/8. We will henceforth write this as sin?6=0(1/8)1. For propagation at 
vertical incidence, 6=90° —¢, where ¢ is the dip of the earth’s magnetic field in the 
ionosphere at the place under investigation. The family of curves for uy’ is given 
in Figure 1 (c). The curves intersect the ordinate at x =1 with values given by 


[uv’],, 1 = cosec?0 (10) 


This value is independent of the value of y, 7.e., of the frequency. It can be 
seen that the value of uy’ at a=1 increases steadily as sin?6 decreases from 1. 
For sin?6=4 (angle between wave normal and magnetic field =45°) the value is 
2 and for sin?0=+} (propagation angle =30°) the value is 4. For angles less than 
30°, the shape of the yy’ curve is changing rapidly with 6. Accordingly, the curves 
have been plotted in more detail in Figure 2 for sin?6=0(1/32)} in order to show 
the manner in which the curves approach the longitudinal case by an increase 
in both value and slope at x=1. The slope at x =1 is given by 


gee _ 1 = 2 cot?6.cosec?6 (11) 


It is thus seen that the curve for sin?6=0 really consists of two parts, viz., 


uy’ =] — ; for x less than 1, with a vertical part at x=1 (both value and slope 


infinite). 


Ordinary component, y=2 (Figure 3)—For y=2, i.e., for a frequency of one-half 
the gyro-frequency, the curves for the ordinary component are very similar. For 
transverse propagation 


These curves are plotted in Figures 3 (a) and 3 (b). From Figure 3 (c) it can 
be seen that the manner in which the yy’ curves change from the transverse to 
the longitudinal case is similar to that for the curves for y=}. 


Ordinary component, limiting cases—For the ordinary component, transverse 
propagation, we have, for all values of y: 
pp’ =1 
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For the ordinary component, longitudinal propagation, uy’ is always given by 
The minimum value that yy’ ever has for a particular value of 


equation (5a). 


y for the ordinary component obviously occurs at «=1. Letting « =1, and varying 


the minimum for py’ then occurs at y=1, 7.e., at the gyro-frequency. 


For y=1, (5a) becomes 
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The Extra-ordinary Component 


So far, we have considered only the ordinary component. For y <1, the extra- 
ordinary component is much more well-behaved in that the curves for wy’ for 6 


between 0° and 90° lie between the two limiting curves, not mostly outside them 
We will consider only the behaviour for values 


as for the ordinary component. 


of x less than 1—y. 
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For transverse propagation, 
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For the longitudinal case, 
a 
ae (15) 
' xy 7 
up =] + —y)? (15a) 


+ (Figure 4)—The curves given by equations (14) 


Extra-ordinary component, y=4 
and (14a) for transverse propagation for y=} are shown in Figure 4 (b). The 
curves for longitudinal propagation are shown in Figure 4 (a). 
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The complete family of curves for sin?6=0(4)1 is given in Figure 4 (c). Again 
it is necessary to use the complete formula as given in (9). The value of uy’ when 
«=1-—y is given in the case of the extra-ordinary component by 


(16) 
Extra-ordinary component, y=2 (Figures 5 and 6)—The curves for the extra- 
ordinary component for y>1 are rather more remarkable. In this case the 
u-curves reach 0 at =1+y and they all pass through 1 at x=1. In the transverse 
case, we have here that 


as is the case when y< 1 (expressions (14) and (14a)). These curves are plotted 
for y=2 in Figure 5a. As sin?6 tends to zero, the u-curve develops a discontinuity 
at x=1. When sin?6=0 and propagation is exactly longitudinal, we have the 
following relations: 


wv 
one sare = 


for x < 1 
for x < 1 


forz> 1 


, LY 
(ip a ae ee for Be] 
mt 21+ y)? ’ 


All the curves, for yu, v’ and wy’, have a discontinuity at x= 1. 


Relations (17) to (18a) become, for y 


9 
/ H / ay i 
rato a a b 3 
chsh (1- 9) (1-3) 

These curves have been drawn in Figure 5 (b). In this particular case, the 
curves for » and py’ are coincident for values of x less than unity. An attempt has 
been made to show how the curves pass through the discontinuity at x=1. It 
can be shown that the value of uy’ at x=1 is given by 

1 
' -_ a —___——_- 
[ve ks — 1+ y?sin®@ 
also, 
[v],. =]~ 1 
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Thus, both uy’ and y’ become infinite at x=1 for longitudinal propagation 
(sin?6 =O). 
The manner in which the py’ curves change from the smooth behaviour in 
Figure 5 (a) to the type in Figure 5 (b) as sin?6 varies from 1 to 0 is reminiscent 
of the behaviour found in the ordinary case. The family of curves for sin?6(4)1 
is shown in Figure 5 (c). In order to show the behaviour as the propagation angle 
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tends to zero, part of this family is reproduced in Figure 6 for sin?6= 0(1/32)}. 
The dotted curve in Figure 5 (c) is for sin?6=1/128. 


SECTION 5 
Discussion of the Formula for Group Velocity 
We have defined the group velocity as that velocity given by the formula 


Pg me 
aie group velocity “ '/°¢of af 
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The value of the group velocity obtained from yp’ calculated from this formula 
is the component of the group velocity in the forward direction of an infinite plane 
wave travelling through the medium. If the energy is contained in a wave packet 
limited in extent sideways as well as in time, the wave packet as a whole will 
generally deviate sideways in its passage through the ionized medium. However, 
for a wave incident vertically on a horizontally stratified ionosphere, the above 
expression for yu’ yields the vertical component of the group velocity and thus, 
when the effective or virtual height, h’, is calculated trom the expression 


where z is distance measured vertically, the correct answer is obtained, whether 
or not there is any lateral deviation. 


In Figure 7, the quantity uf has been plotted as a function of f. The group 


refractive index yu’ = ou) 

of 
obvious that u’>1 (7.e., the group velocity is less than the velocity of light in free 
space) as long as the slope of the (uf, f) curve does not exceed 1:1. This is always 
true for the ordinary component. 


is found from the slope of this (uf, f) curve. It is 


For the extraordinary curve, however, there is a difficulty as we pass through 
the gyro-frequency. Here the value of uf must change from a high value just 
below the gyro-frequency to a low value just above. If there is no absorption at 
all (a condition which is extremely unlikely near a resonance frequency) the uf 
curve can make this change by going through infinity. However, in practice the 
slope of the curve must always become less than 1 and in fact even go zero or 
negative as the resonance is traversed. We have then a case of anomalous dis- 


; ee ualta : C2 (uf) . : * : 
persion and under these conditions it is obvious that a D) is not going to remain 


small. Under these conditions, the group velocity as calculated from expression (2) 
no longer gives the velocity at which the signal (even if it is still recognizable) 
traverses the medium. In this case a more complete treatment is required. How- 
ever, it may be remarked here that in practice absorption will probably prevent 
the transmission of any signals in these regions so that the question of whether 
it is admissible to use expression (2) for the group velocity may not arise. 

For some particular cases, this problem has been more completely treated by 
BRILLOUIN [6] and BAERWALD [3]. 


SECTION 6 
Dependence of Curves on Value of y 


We have seen how the value of uy’ depends on 6 for two particular frequencies. 
It is now necessary to investigate the behaviour as the frequency is varied in order 
that we may visualize the curves for any angle of propagation and any frequency. 


Ordinary component (Figure 8)—Starting with the ordinary component, we have 
the behaviour illustrated in Figure 8. The top diagram shows the form of the 
up’ curves for transverse propagation as y is varied. Of course, in this case, since 
uu’ always equals unity, the behaviour is obvious. In the middle diagram, the 
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limiting shapes of the vy’ curves for exactly longitudinal propagation are shown 
for values of y between } and 4. The variation is not great. In the bottom diagram, 
the case for 6=45° is considered and the change in the shape of the curves as y 
changes is exhibited. 





Extraordinary 
component 
y<7 
Extraordinary component 
y>7 





Extra-ordinary component (Figures 9 and 10)—The behaviour of the extra-ordinary 
component is slightly more complicated and is shown in Figure 9. In these curves 
for the extra-ordinary component, the function plotted along the axis corres- 


° . . x . 
ponding to 2 for the ordinary component is j_,: This makes all the curves the 


same length in this direction so that they are more easily compared. Starting 
with y< 1, 7.¢., frequencies above the gyro-frequency, we have the limiting curves 
for longitudinal and transverse propagation as shown in Figure 9. In this case, 
the uy’ curves for propagation at any other angle lie somewhere in between these 
two limiting curves. It is thus easy to see what type of curve to expect. It will 
be noticed that when y = 1, the curves go off to infinity. 


The curves for the extra-ordinary component when y> 1 are shown in Figure 10. 


It is to be noticed that, corresponding to the parameter Boe used for the case of 
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y < 1, we use here the quantity ; ae along the a-axis. The sets of curves in Figure 10 
are for longitudinal and transverse propagation only. However, the curves for 
intermediate directions of propagation can be deduced (in approximate form) by 
rounding off the corners in the upper curve to a greater or lesser degree to give 
the type of curve drawn in Figure 5 (c). Again, of course, there is a difficulty at 
y=l1. 

The set of diagrams in Figures 8, 9 and 10, if used with the diagrams for 
particular values of y given earlier, enable us to visualize the behaviour of the 
curves for any propagation angle and any frequency, and for both the ordinary 
and extra-ordinary components. 


SECTION 7 
The Shape of the »' Curves 


It will be remembered that the formula for the group height (or effective height) 
of an ionospheric layer was given as 


h’ = fw. d zy (9) 


where the integration is carried out from the bottom of the atmosphere (negligible 
ionization) up to the reflection point of the wave. This is the point where yp =0 
(in the no-loss case considered here) 
and is thus also the point where 
w.’ =infinity. For a given frequency, 
and considering the ordinary com- 
ponent, x=0 for no ionization and 
x=1 at the reflection point. The 
above integration therefore corres- 
ponds to integration of the area 
under a pv’ curve, where the dz is 
replaced by dx and the distribution 
of x between 0 and | is arranged to 
give the shape of electron distribu- 
tion being considered. This problem 
will be considered in more detail in 
a later paper, but we will sketch 
here the (v’,2) curves for a few 
angles of propagation for the ordin- 
ary ray and y=} (Figure 11). The 
curve for transverse propagation, 
1.€., sin?9=1 corresponds to py’ =1 
and thus to the no-field case. It 
can be seen that in general the wave 77, 72 0a 76 

packet travels more quickly than in ra 

the no-field case for small electron Fig. 11—Variation of group refractive index |(2’) with 
densities but more slowly than in We ae Cede ccaeonans, the gyro- 
the no-field case for densities ap- ; 

proaching the critical electron density. This usually gives an overall effective height 
which is greater than would be obtained without a magnetic field. 
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ABSTRACT 
Ionospheric records made at Calcutta during the solar half cycle January 1945 to June 1950 have been 
analysed with a view to determine the values of the following ionospheric parameters: (1) rate of 
electron production, (2) temperature, (3) effective coefficient of recombination. The value of the 
terrestrial magnetic field at the average height of region F2 has also been determined. The following 
are the results obtained: 

(1) For Region F2 the rate of electron production is highest after sunrise and before sunset and 
lowest during midday (400/cem3/sec after sunrise and before sunset, and 60/cem3/sec during midday). 
Exceptions to these types of variation occur 


The same is also true to a lesser extent for Region EF. 
only during winter (specially during the period of low solar activity) when the rate is more nearly 


normal. 
(2) The seasonal variation in temperature is most marked for region F2 (varies from 700° K in 


winter to 1200° K in summer during high solar activity and from 500° K in winter to 900° K in 
summer during low solar activity). It is shown that the total variation is not due entirely to the 
direct heating effect of the sun, but partly to the presence of a rising temperature gradient in the F2 
layer and the transport of the F2 layer as a whole from a lower to a higher region. 

(3) The effective coefficient of recombination undergoes seasonal and diurnal variation for both 
For Region £, the variation depends only on temperature: for Region F2 on 


KE and F2 regions. 
< 10719 em3/see in winter 


temperature and on pressure. Representative values of the coefficient are 1-5 > 


and 6 xX 1071! cm/sec in summer for Region F2 and 2 x 107% cm/see in winter and 1 x 107% cm/sec 
in summer for Region F. 

(4) The value of the magnetic field at the average height of Region F2 agrees with that expected 
The magnetic field also shows a seasonal variation. 


from the inverse cube law (0°36 Gauss). 
Graphs showing the variations of the different quantities studied are given. A graph depicting the 
solar activity during the period (Zurich sunspot number) is also given. 
INTRODUCTION 
The paper deals with an analysis of ionospheric data recorded at the University 
College of Science, Calcutta (lat 22-5° N, long 88-5° E), during the solar half cycle 
January 1945 to June 1950. The following iono- 
spheric parameters have been studied: 
(1) Rate of electron production. 
2) Temperature. 
3) Effective coefficient of recombination. 
Intensity of the earth’s magnetic field at 
the average height of F2 region. 

The solar activity for the period under considera- 
tion is depicted in Figure 1. The ordinates are aver- 
age Zurich sunspot numbers. It will be noticed that - 
the period January 1945 to February 1948 was one ileal — bis 
of rising solar activity and the rest of falling activity. pig. 1—Variation of solar activity 

The ionospheric apparatus used is of the semi- (Zurich sunspot number) during the 

: : solar half-cycle January 1945 to June 
automatic type and observations can be taken by a ‘ 1950. 
single operator manually. The frequency of the 
transmitter can be varied continuously from 0-5 Me/sec to 20 Mc/sec. Measurement 
of penetration frequencies of the HZ and F2 regions and heights of the maximum 
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and minimum ionizations of these regions can be made within ten minutes centred 
on the hour of observation. The height can be measured to an accuracy of 15 km, 
and the penetration frequency to an accuracy of 0-05 Mc/sec. Hourly observations 
for 24 hrs for 5 days a week was started in 1945 and are being continued. 

For purposes of calculation, only the 
data for the undisturbed days have been 
utilized. 





1. RATE or ELECTRON PRODUCTION 


The rate of electron production and its 
variation throughout the whole day were 
determined by the method adopted by 
SEATON [19], [20] for similar calculation. 
It may be mentioned that the deter- 
minations by the earlier authors were 
for only certain parts of the day 
(APPLETON [1], MOHLER [16], GILLILAND 
[10] and BERKNER and SEATON [4)}). 











LoCca/ Mean T1NE —we 


Fig. 2—Reference points (A, B, C, D) in the diurnal] 


lon density variation curve iad calculation of the The method adopted by SEATON [19], 
rates of ion production. _ : : 
| igi [20] is briefly as follows: 
We have for the variation of electron density with time. 
dn ° 
‘=gG-— ane 


di 


where 7, = electron density, 
rate of electron production per ce, 
effective coefficient of recombination or, as termed by 
SEATON [19], [20], the ‘“ generalized destruction factor ”’. 
g = 0, hence 


(la) 


We may assume, after APPLETON [1], that at points A and B in Figure 2, 
immediately before and after sunrise, when the electron concentrations are the same, 
the values of the coefficients of recombination are also the same. 


Hence we may put 
when 


where the suffixes 1 and 2 refer to values just before and just after sunrise. We 
then have 

(2) 

Again, for the hours round noon, we assume, after APPLETON, that q and a are 

likely to be equal for times equally spaced on either side of noon. Hence, indicating 


the conditions before and after noon by the suffixes 3 and 4, we may write: 
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dn,\ : 
e )s = 3 — %3 (Me)s” 


° 
4 


dn, 
| a = 4 — % (Ne) 4 


/ 


Hence gq, = 4, = [ (re)? os — (Ne)3” (Fs) [Toma _ (ne)3"| 


The values of g throughout the 12 hrs may be calculated with the help of the 
relations (2) and (5). 





400 ) It was found that in general during the 
summer and the equinoctial periods the rate of 
electron production was highest during sun- 
set and sunrise periods, and lowest at mid- 
day. This is true for both # and F2 regions, 




















g/ cm/sec 






































Loca/ mean time 
Fig. 3b. 


Fig. 3a. 


Fig. 3—Typical mean diurnal variation of the rate of electron production in £ and F2 regions. The 
curves (a) are for the equinoctial period and the curves (b) for the winter period. 


but very much more marked for Region F2. It is obvious that this curious diurnal 
variation of g does not follow the cos x law, according to which the maximum 
electron production should be during midday. A possible effect of tidal motions 
in this connection is being worked out and will be discussed in a later paper. 

It may, however, be noted that in winter (specially during the period of low 
solar activity) the rate of electron production followed a more normal course, 
namely, was highest during midday. Figure 3a shows typical mean diurnal 
variations of g for the equinoxes. The diurnal variation during summer follows a 
similar course. Figure 3b shows the type of mean diurnal variation of g during the 
winter months. 

It will further be noticed that for Region E the average rate of electron production 
varied from 30/cm3/sec in winter months (during the period of low solar activity) 
to 50/em’/sec in summer months (during the period of high solar activity). 

For Region F2 the maximum value of q varied from about 400/cm?/sec during 
high solar activity (summer) to about 300/cm3/sec during low solar activity 
(summer), while the average value of g varied from about 150/cm?/sec to about 
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100/em?/sec. The measured values agree tolerably with those of Seaton [19], [20]. 
They are, however, much higher than the value 80/cm/sec favoured by Massey 
and Barss [24] and Bares [7]. The significance of this difference will be discussed 
in a later paper. 


2. TEMPERATURE OF THE IONOSPHERIC REGIONS 
It is well known that for a simple CHAPMAN region, the variation of the ionization 
density with height (measured relative to the level of maximum ionization) follows 
approximately a parabolic law. This is correct to within 5% [8] between the levels 
H above and H below the level of maximum ionization. On this assumption 
2kT 


hu — ho = 2H = ma 
9), ” 


(6) 
where hy Height of maximum ionization 
ho = Height of the bottom of the layer 
Seale height 
Molecular mass of the active constituent 
Absolute temperature 
Ij, Vv Acceleration due to gravity at the height of the layer. 
Writing g, Inf (1 au =) 
‘M ; R 
where = Radius of the earth 
Value of g on the surface of the earth 
Equation (6) gives 
Hg, ea 
d 2 ro 
eR 


Hence, since hj and h, are directly obtainable from the records, and k and g are known, 


(1 


I 
the value of can be determined. Further, if the value of m is known, 7 can be found. 
Mit 


Unfortunately, certain regions of the ionosphere contain N, and O, and O in 

varying proportions, and since it is not always known which of the gases are active 
in the ionization process, the value of m is not always known with certainty. (It 
is specially to be noted that m refers to the molecular mass of the active constituent, 
i.e., of the gas ionized. Some authors appear to have taken m as the mean molecular 
mass in the region concerned. This is not correct.) 
E-layer.—At the EF layer height (which, for Calcutta, varies from about 100 km 
to about 120 km) the gases present are N,, O, and O. Of these gases, the current 
hypotheses ascribe H-ionization either to O, or to O. Since the average value of 
H was found to be 10 km in winter and 12 km in summer, we obtain the following 
values of 7’: 

Taking atomic oxygen as the active gas, the winter and summer temperatures 
are 190° K and 220° K respectively. 

Taking molecular oxygen as the active gas, the winter and summer temperatures 
are 380° K and 450° K respectively. 

Of these two ranges of values, the one as determined on the assumption of 
molecular oxygen as the active constituent, agrees more closely with the tempera- 
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ture as measured by the V—2 rocket, viz., 340° K at the height of 120 km (Best, 
Havens, Duranp [5], measurements made in March 1947). From this agreement 
one is justified in concluding that O, is the active gas for Region E. 

Region F2.—In considering Region F2 it has to be remembered that at night, 
F, and F2 merge together. The gases, the ionization of which may be responsible 
for the production of the two regions, are only N, and O. Unfortunately, iono- 
spheric investigators are not in agreement as to the active gases for the two regions. 
Thus, while according to Buar [6], and Mirra, Boar and GuosH [15] ionization 
of F, is due to N, and of F2 to O, according to WuLr and Deming [21], both the 
regions are due to the ionization of N, at its two ionization potentials. From the 
evidence given below it seems, however, that both F, and F2 may have the same 
active gas, instead of two different ones, as their origin. MOHLER [16] suggests that 
the lower Region F, is formed at the level of maximum ion production of atomic 
oxygen in the normal manner, and that the upper Region F2 is produced as a 
result of the recombination coefficient decreasing with height. No quantitative 
evidence has been put forward for this interesting suggestion. It is, however, 
satisfactory to note that the ratio 


Rate of production of ionization/unit gas density at F2 





Rate of production of ionization/unit gas density at F, 


This is of the same order as the predicted value 2-7 (Massey and Bares [24], 
Bates |7)). 

Again, according to the recent tidal theory of Martyn [12] Regions F, and F2 
are supposed to have the same origin, namely ionization of O. The reason of 


bifurcation is, however, a combination of tidal action and pressure-dependent 
recombination coefficient. 

Recent works of BaTEs [7] also support the hypothesis that both Regions F, 
and F2 are due to ionization of atomic oxygen. The only other gas in the F2 
Region is N, and according to Bares’s calculations, the integrated number of N; 
ions produced by action of solar rays (as estimated from observations during 
twilight, Duray and Duray [9]) is at the most 2 x 108 in a vertical column of 
unit cross-section. This corresponds, perhaps, to only 10 particles/cm* at the level 
of maximum. This value is clearly many orders less than the measured electron 
concentration. 

In view of the above, one is justified in assuming that atomic oxygen is the 
active gas for both Regions F, and F2. Hence in calculating the temperature for 
Region F2, the appropriate value of m is that of O. Thus calculated, Region F2 
temperature was found to vary from 700° K in winter to 1200° K in summer (for 
the period of high solar activity), and 500° K in winter to 900° K in summer (for 
the period of low solar activity) (Figures 4a, 4b). The summer value of temperature 
was thus about 40% higher than the winter value. The value is considerably 
higher than that deduced by Martyn and PuLiey [13], according to whom the 
maximum variation in the temperature is less than 25%. Other authors (MARTYN 
[11], WooLry [22] ) also appear to be of the same opinion. It is, therefore, neces- 
sary to consider the origin of this discrepancy. According to our opinion the total 
variation in temperature is not due entirely to the seasonal increase and decrease 
of heating by the sun, but is partly an effect of the rising temperature gradient 
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above the E level. In fact, part of the temperature variation is really an effect 
of the region as a whole being transported to a higher level in summer from its 
winter level. 
To test the above hypothesis the monthly averages of the hourly values of the 
scale height during the period under investigation have been analysed as follows: 
The data are _ first 
7946 grouped under two heads 
one for the 1945-46 and 
the other for the 1947-50 
period. This is because 
the solar activity was 
markedly different in the 


1948 7950 two periods, being much 
higher during the latter 

7949 than during the former 
(Figure 1). The grouping 

adopted thus ensures the 

estimation of any possible 


effect of solar activity in 

ONDJ FMAMITAS ONDIFMAMITA S ONDS FMAMT the recorded data. To de- 

2 fie ; : ore: termine the seasonal effect, 
Fig. 4—Mean seasonal variation of temperature in Region F2. Curve tl late i acl iod 
(a) is for the period of low solar activity (January 1945-December ” 16 data : ” each perioc 
1946); curve (b) is for the period of high solar activity (January Was classified under three 
1947—June 1950). heads: northern solstice 

months (May, June, July 

and August), equinoctial months (March, April, September and October) and 
the southern solstice months (November, December, January and February). These 
are denoted by , £ and S respectively. Curves were plotted with temperature (as 
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Fig. 5—Mean variation of temperature with height (hmazF2). Curves in (a) are for the period of high 
solar activity (January 1947—June 1950); curves in (b) are for the period of low solar activity (January 
1945—December 1946). 
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deduced from the recorded data of scale heights) as ordinate and hya,xF2 as abscissae 
for the three seasons. (Figures 5a, 5b.) 

Inspection of the curves at once shows that the temperature increases with 
height for all the seasons. In Figure 5a (high solar activity) the temperature dis- 
tribution becomes steeper with the season in the following order S, LE, N. It is, 
further, seen that this latter effect is not present during the period of low solar 
activity showing that the seasonal increase of temperature gradient from S to N 
occurs only during periods of high solar activity. Finally, it is seen that the average 
temperature is higher during periods of high solar activity. 


3. THE EFFECTIVE COEFFICIENT OF RECOMBINATION 
The effective coefficient of recombination may be derived from Equations 1 and la, 
the first for day-time conditions and the second for night-time conditions. For the 
former, it is necessary to know g. This is obtained from curves showing the 
variation of g as explained in Section 1. 
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Fig. 6—Observed seasonal night-time variation of effective recombination coefficient in EK and F2 
regions. The calculated seasonal variation curve for region F2 is also shown. Curves in (a) are for the 
period of low solar activity; curves in (}) are for the period of high solar activity. 





Values of « for both day- and night-time conditions 
have been determined for Region # for the period 
1947-49, and for Region F2 for the period January 
1945 to June 1950. The data for ionospherically quiet 
days only were used. The results are depicted in 
Figures 6a, 6b, 7. 

An inspection of the curves for Region EH shows 
that the value of « for this region is definitely variable 
though over a small range. It is, in general, smaller 
at day time than at night time. Further, for a chosen 
hour, the summer values are, in general, smaller than 
the winter values. These calculations of « were checked 
in several ways. As such, we are confident of the reality 
of the existence of this variation, though, it should be Fig. 7—Observed average day- 
mentioned that most of the other workers are of opinion ae 
that a for Region EH does not vary appreciably with _ period January 1945—June 1950. 


& 
Y 


9x10 cm/sec 
S 


% 














Mean /oca/ time 


101 





S. S. Barat and A. P. MITRA 


time or height (APPLETON, NAIsMITH and INGRAM [3]). There are, however, 
a few workers (McLetsH [14], NicoLter [17], WEEKES [25]) who maintain that a 
slight variation in « is not unlikely. 

The curves for Region F2 show that « for this region undergoes similar diurnal 
and seasonal variation, but with much larger amplitudes. Variation of « for 
Region F2 has also been reported by other workers, though they do not all agree 
as to the origin of the variation. 

According to most of the workers the variation of « for F2 is attributed to a 
variation in pressure (due to a change in average height). According to SEATON 
[19], [20], however, the variation of « is due to variation in temperature and 
follows the law 

7] (9) 
CT 
as deduced by THomson [18], being valid for pressures less than one atmospheric 
(C is a constant and 7 is approximately 3, but varies somewhat with the nature 
of the gas). 

We will now show that « depends on both temperature and pressure for 
Region F2 and only on temperature for Region £ and derive an expression for « 
as functions of both these quantities. 

We start with the expression for a as derived by MAssEy and Bares [23], [24]: 

Ll at ] dx 
a=a,+tdAa,+ =, + = : ( 
=A, + Aa + nop ae + MPA dl (10) 


fp nen _ jne/ (I t A)] ae 
es dt . (11) 


Pre — KNen (aj — ae) Ne? 


where, Electron density 

Density of neutral particles 
Electronic recombination coefficient 
Ionic recombination coefficient 
Radiative attachment coefficient 
Coefficient of photo-detachment 
Coefficient of collisional detachment. 


mr . > . : a) . dx aT 
The expression for « is simplified since a,< <a; and 7, , 7, are small (except, 


perhaps, during sunrise and sunset). Thus 
Ne q 
A i fp / [x Tr n y =a ‘ 


For night-time conditions, g=0, p =0, 


? 


p 
hence A =' 
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Now, it has been shown by Massry and: Bares [23], [24] that the value of 7 
is temperature dependent, being 6 x 10-™ cm$/sec at 250° K, and 1-5 x 10-14 
cm/sec at 1000°K. Assuming, therefore, that # varies inversely with temperature, 
we can put 


(14) 


cm/sec 


Thus we can write 


we : Ne . 
Since for Region LF, ck > > a; ~ , we may put for this region 


Pn 
tp = rm, 


") * rl . Ne 
For Region F2 Kt Oe. 


eee . yn P= 
Hence for this region, bo = Ting (17) 


We thus see that while for Region , « depends only on temperature, for Region 
F2 it depends both on temperature and pressure. We also see that since the 
temperature of Region E varies only by a small amount, « for Region E also varies 
by a small amount. This agrees with our observations. 


We will now use Equation (17) to determine how for Region F2 the value « 
at night (00.00—03.00 hrs) varies with the season and compare results with those 
obtained from observations. For this purpose the average temperature during the 
hours under consideration was obtained from measured scale heights, and the 
electron density from critical frequencies. For n, it has not been possible to obtain 
its appropriate variation over the whole year. Only two values of n, one for winter 
(2 x 10!°/em3) and one for summer (5 x 10°/cm*) were taken. The summer value 
5 x 10°/em is less than what is usually assumed, but this is the density which 
may be expected at so high an altitude as 450-500 km. The variations in the 
observed and the calculated values of « are plotted together for comparison in 
Figure 6a, 6b. It will be seen that the agreement is as good as may be expected. 


4. INTENSITY OF THE EARTH’S MAGNETIC FIELD IN THE IONOSPHERE AT CALCUTTA 


APPLETON [2] was the first to utilize ionospheric data to measure the intensity 
of the earth’s magnetic field in the high regions of the atmosphere with the help 
of the formula: 


»_ 2ame — fa* — fo’ ¢ 
fa oe (21) 


where f, = Ordinary wave critical frequency 
f, = Extraordinary wave critical frequency. 
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This formula has also been used by us to determine the earth’s magnetic field 
in Region F2 over Calcutta. The observed values of H’ are plotted in Figure 8. 
(The points representing the same observed value of the magnetic field are dis- 
tributed uniformly along a horizontal 
line.) 

It will be seen that about 70% of 
these values range from 0:30 to 0-40 
Gauss. The rest fall beyond this range 
on either side. It will further be seen 
that most of the values are grouped 
round the theoretical value 0-36 Gauss 
as calculated according to the inverse 
cube law. An interesting point which 
corroborates earlier measurements by Scorr [26] may be noted. We have observed 
significant seasonal variations in the value of H’ as deduced from Equation (21)— 
the winter values being larger than the summer values. The magnitude of the 
variation is, however, small, not exceeding 10°, whereas that observed by Scorr 
is as large as 20%. 





of the measured values of the 
magnetic field in Region F2 at Calcutta. 


CONCLUSION 
The results obtained may thus be summarized in conclusion: 
Rate of electron production.—For Region, the average value of the rate varies 
from 30/em*/see (winter, low sunspot activity) to 50/cm%/sec (summer, high sun- 
spot activity). 
For Region F2 the maximum value of the rate varies from about 400/em3/sec 
during high solar activity (summer) to about 300/cm3/sec during low solar activity 


(summer), while the average rate varies from 150/cm'/see to 100/cm3/sec during 
the period. 


There is a tendency for high rates of production to occur after sunrise and 
before sunset. Near 10.00 hrs—14.00 hrs the rate is low. As such, for neither 
of the regions £ and F2 the rate follows the cos x law. Exceptions to these types 
of variation occur only during winter (specially during the period of low solar 
activity), when the rate is more nearly normal. 

Temperature in the LIonospheric Regions.—Temperatures of the HE and the F2 
regions have been calculated from the corresponding scale heights obtained directly 
from our records. 

For Region £ the active gas is assumed by some workers to be O, and by others 
to be O. The positions of both O, and O have been considered in estimating tem- 
perature. Taking atomic oxygen as the active gas, the winter and summer 
temperatures are found to be 190° K and 220° K respectively. Taking molecular 
oxygen as the active gas, the winter and summer temperatures are found to be 
380° K and 450° K respectively. Of these the latter values are in accord with 
those obtained by measurements by V-—2 rocket (March 1947). Hence it may be 
concluded that molecular oxygen is the active gas for Region E. 

For Region F2, as also for Region F,, the active gas is assumed to be atomic 
oxygen. On this assumption the temperature has been found to vary from 700° K 
in winter to 1200° K in summer for the period of high solar activity, and from 
500° IK in winter to 900° K in summer for the period of low solar activity. It is 
further shown that the temperature increases with height in all the seasons. During 
the period of high solar activity the temperature distribution becomes steeper 


104 





Ionosphere over Calcutta 


with the season in the following order—winter, equinox, summer. This effect is, 
however, not present during the period of low solar activity. The average tempera- 
ture is found to be higher during periods of high solar activity. 

Coefficient of recombination.—The effective coefficient of recombination in the FL 
and F2 Regions have been determined for both day- and night-time conditions. 

For Region E the value of « is found to be definitely variable—though over a 
small range. It is, in general, smaller at day-time than at night-time. Further, 
for a chosen hour, the summer values are in general, smaller than the winter values. 
These variations in a (for Region F) are ascribed to the variation in temperature, 
a being inversely proportional to 7’. 

For the F2 Region, « undergoes similar diurnal and seasonal variations, but 
with much larger amplitudes. Variation of « for this region is traced to the varia- 
tion of both pressure and temperature, and is seen to follow the rule, 
nn 
Tne 
Intensity of the magnetic field at the height of Region F2.—The intensity of the 
terrestrial magnetic field has been obtained from the recorded values of the pene- 
tration frequencies of the ordinary and extraordinary waves. Most of the values 
obtained are grouped near the theoretical value 0-36 Gauss as calculated according 
to the inverse cube law. Further, a seasonal variation of about 10°, has been 
observed in the value of the magnetic field at the height of Region F2. 


a 
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ERRATUM 
Fig. 7—The unit in the vertical axis is given as 9 X 10!! em3/sec. This is an error, and: 
it should in fact be «p * 101 cm/sec. 
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Studies of the F, Layer in the ionosphere 
I. THE PosITION OF THE JONOSPHERIC EQUATOR IN THE F, LAYER 


SrmR Epwarp Appleton, F.R.S. 

The University, Edinburgh 

(Received 3 August 1950) 
ABSTRACT 
The seasonal variations of the noon equivalent heights of the F, Layer at a number of stations are 
examined and the variations characteristic of the northern hemisphere and of the southern hemisphere 
identified. It is shown that the change-over from one type of variation to the other occurs in a region 
which is more nearly coincident with the magnetic equator than with the geographical equator. 


It is well known that the F, Layer of the ionosphere behaves anomalously in various 
ways. The first example of such unexpected behaviour to be identified was described 
by APPLETON and NatsmitH [1] who, in 1935, showed that, at the temperate latitude 
station of Slough in south-east England, the F, Layer maximum ionization density, 


as measured by the F, Layer critical frequency (fF) was actually less at summer 


noon than at winter noon; whereas, in the case of the lower H and F, Regions, the 
reverse was found to be the case, ionization increasing, as one would expect, with 
decrease of solar zenith distance. A similar, and probably connected, anomaly was 
also found in the case of the equivalent height of the F, Layer, in that, at Slough, 
its value was found to be much greater at summer noon than at winter noon; 
whereas, in the case of the H and F, Layers, the fall in height from winter noon to 
summer noon predicted by simple theory was found to occur. 


In 1946 two further anomalies were described and discussed by the present 
author [2] which led him to conclude that the world-wide distribution of F, Layer 
ionization was subject to some form of geomagnetic control. It was pointed out 
that, under equinox noon conditions, an asymmetry of ionization can be noted for 
sites on the same longitude but of equal numerical latitude north and south of the 
equator. Also it was shown that, under equinox noon conditions, there was a con- 
siderable variation of ionization with longitude along a line of constant geographical 
latitude. It was, however, found that when critical frequencies were plotted with 
respect to magnetic dip or with magnetic latitude, as distinct from geographical 
latitude, these two anomalies, which were found to occur mainly at low-latitude 
sites, substantially disappeared. So far as critical frequencies were concerned it was, 
therefore, found that the ionospheric equator coincided more nearly with the 
equator of zero magnetic dip than with the geographical equator. This conclusion, 
though later confirmed by Barry [3] and Liane [4] has, however, been called 
sharply into question quite recently by GALLET [5]. 

In the present enquiry the problem of world ionospheric morphology is again 
examined but, this time, from the standpoint of the equivalent height of the F, 
Layer. This is a quantity which is normally recorded by ionospheric stations so 
that details of its seasonal variation at noon in different parts of the world are 
available for consideration. 

THE “ LoneitupE-Errect”’ In F, LayeR EQUIVALENT HEIGHTS 
Although the so-called “‘ Longitude-effect ’’ was first identified in the case of F, 
Layer critical frequencies, a corresponding phenomenon can be recognized in the 
case of the equivalent heights of the same layer. This effect is most marked when 
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the sun’s zenith distance is low. The phenomenon is illustrated, for temperate 
latitude stations, in Figure la, where there are plotted the monthly means of the 
noon values of hF, for two stations of nearly the same latitude but of widely different 
longitude, namely, Washington (Lat. 39° N; Long. 77° W) and Shibata (Lat. 
37:9° N; Long. 139-3° E). In Figure 1b are exhibited for comparison the correspond- 
ing monthly mean noon values of fF, for the same two stations. 
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Fig. 1b—Diagram showing variation of noon 


Fig. la—Diagram showing variation of noon 
critical frequency for the F, Layer ( fF,) through- 


equivalent height of the F, Layer (h’F,) through- 


out the year at Washington and Shibata, two 
stations of approximately the same geographical 
latitude. 


out the year at Washington and Shibata, two 
stations of approximately the same geographical 
latitude. 








WF, km Jan. Feb. | Mar. May § June fF. Mes Jan. Feb. | Mar.| Apr. | May | June 


Washington 233 243 263 413 57 Washington 2: 2-2 2: 10-8 ° 7:2 


Shibata 225 232 240 275 Shibata 


July | Aug. | Sept. Aug. Sept. 


Washington 74 10-0 


Washington 410 400 310 


Shibata 357 317 285 26 Shibata 








It will be seen from Figure la, that the F, Layer equivalent heights at 
Washington and Shibata are about the same in winter, but that in summer the 
bifurcation of the F Layer results in a greater elevation of the F, Layer at 
Washington than at Shibata. Correspondingly, the value of fF, is less at Washington 
than it is at Shibata in June, whereas in December the two values differ hardly at all. 
It should be noted in this connection that the magnetic latitude of Washington 
(55:5° N) is greater than that of Shibata (32-6° N) although the geographical 
latitudes of the two stations are nearly the same. 

A further aspect of what is essentially the same phenomenon may be illustrated 
in another way. To show that the value of h’F, is not uniquely determined by 
geographical latitude we may compare the seasonal variation of noon equivalent 
values of h’F, for two stations of about the same longitude and of approximately the 
same numerical latitude north and south of the equator. This comparison is 
illustrated in Figure 2 where there are plotted the monthly mean noon values of 
h'F, for the stations of Trinidad (Lat. 10-3° N; Long. 61-2° W) and Huancayo 
(Lat. 12-0°S; Long. 75:3° W). Here it will be seen that seasonal variations of 
noon h’F, are not such as can be simply related to variations of solar zenith distance. 
The value of h’F, at Trinidad is very much greater in June than in December, which 
difference might lead us to expect that h’F, at Huancayo would, correspondingly, 
be greater in December than in June. However this is not the case, the value of 
h’'F, at Huancayo being slightly higher in June than in December. 
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The contrast between F, Layer behaviour at Trinidad and at Huancayo may be 
illustrated in still another way. Because the two stations are situated at low 
geographical latitudes they both experience two summers (7.e., times when cos y = 1, 
where x is the solar zenith distance) annually. Considering the case of Huancayo 
first we note that, in a very general way, h’F, varies inversely with cos x throughout 








Fig. 2a—Diagram showing variation of noon Fig. 2b—Diagram showing variation of noon 
equivalent height of the F, Layer (h’F,) equivalent height of the F, Layer (h’F, 


throughout the year at Trinidad. throughout the year at Huancayo. 








Trinidad Jan Feb Mar. | Apr. | May | June Huancayo Jan. | Feb. | Mar.| Apr. May 
WF, kn y 27 285 302 33 375 h’'¥, km 35! 33 312 314 330 
July Aug. Sept. Oct. Nov. 


370 366 340 321 320 








the year, the value being lowest, very approximately, when cosy=1. On the other 
hand there are two periods in the year (February to April and August to November) 
when h’F, at Trinidad increases when cos y increases and vice versa. In other words, 
at Huancayo we have, very roughly, throughout the year, d(h’F,)/d(cosz) <o, 
whereas at Trinidad there is a substantial period of the year when d(h'F,)/d(cosy) >0. 
Here we may note that, while the numerical geographical latitudes of Huancayo 
and Trinidad are approximately the same, the magnetic latitudes of the two stations 
differ considerably, being 2° N and 25° N, respectively. 

This evidence, then, illustrates clearly that seasonal yariations of noon h’F, 
at low latitude stations, north and south of the equator, cannot be reconciled in 
terms of the variations of solar zenith distance which, in turn, is controlled by 
geographical latitude and solar declination. 


THE PHYSICAL SIGNIFICANCE OF F, LAYER EQUIVALENT HEIGHTS 
It may not be irrelevant at this point to say a word about the physical significance 
of the quantity ’F, as measured in the ordinary routine of ionospheric sounding 
by radio waves. It has more than once been claimed that the value of the F, Layer 
equivalent height is an unreliable index of actual height because it is subject to 
group retardation effects in the F, Layer. It will be seen, for example in Figure la, 
that, at both Washington and Shibata which are northern hemisphere stations, the 
equivalent height is greatest in June when F, Layer ionization is at its highest. The 
following considerations have, however, convinced the present writer that the 
variations of noon equivalent height we are considering here do, in fact, indicate 
very substantial variations of actual height, and that the F, Layer group retardation 
effect is usually a minor one. 
(a) Although, at medium and high latitude stations, north and south of the 
equator, we find that h’F, increases as F, Layer ionization increases, the same 
is not true at low latitude stations, where it is found that exactly the opposite 
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is the case. In the latter case we find that h’F,, throughout a substantial 
part of the year, decreases as cosy, and therefore fF, decreases. 


If we consider June noon conditions, when the sun is vertically overhead at 
latitude 23° N we do not find that h’F, is uniquely controlled by the value 
of cosy. As will be shown in a later part of this paper, the value of h’F, 
is then found to increase steadily from low southern latitudes to high 
northern latitudes. (The reverse state of affairs of course obtains in 
December.) Such a variation of equivalent height with latitude obviously 
bears no relation at all to the world morphology of the F, Layer ionization 
in June. 

The present writer has, however, shown that there is a certain sunspot cycle 
control of F, Layer equivalent heights, which is easily recognized in an inspection 
of monthly mean noon values extending over a number of years, and it may well 
be that at least part of this effect is due to F, group-retardation effect. 


THE WorxLpD PICTURE oF ANNUAL F, LAYER HEIGHT VARIATION AT NOON 


We now consider the results of an examination of the seasonal variation of F, Layer 
noon equivalent heights for all stations for which adequate data are available. 
As we have seen, the characteristic of high and medium northern latitude stations is 
that h’F, is high in June and low in December. Similar stations in the southern 
hemisphere (e.g., Falkland Isles (Lat. 51-3°S; Long. 58° W) and Christchurch 
(Lat. 43-5°S; Long. 172-7° E)) show corresponding effects with the expected six 
months’ shift in phase. Descriptively therefore we can say that there is no anomalous 
difference between the two hemispheres here, for h’F, in all cases increases with 
increase of cos x. 

When we consider equatorial stations we find, as has been already mentioned, an 
entirely new phenomenon appearing, in that h’F, seems to vary approximately in 
inverse sense to cosy. Huancayo was the first station to report variations of noon 
equivalent height with an annual double wave of this kind, as illustrated in Figure 2b; 
and for this reason its behaviour has been classed as anomalous. It may, however, 
be shown that at certain other equatorial stations in other longitudes (e.g., Palau 
Lat. 7-3° N; Long. 134-5° E) the F, Layer behaves in exactly the same way. Here it 
may be mentioned that both Huancayo and Palau lie close to the magnetic equator— 
defined as the locus of sites where the geomagnetic force is horizontal. 

Our task is therefore that of understanding the relationship between the annual 
variations of noon h’F, in both northern and southern hemispheres with that dis- 
closed at equatorial stations. For that purpose the present writer has attempted to 
correlate the annual curves such as are shown in Figures la, 2a, and 2b for all 
operating stations throughout the world. For this purpose stations of approximately 
the same longitude have first been considered; though it has to be confessed that, 
because of the large gaps in the data for certain ranges of latitude, some guess-work 
has been necessary. 

Let us consider first, then, the series of stations in North and South America. 
The characteristic annual variation of noon h’F, at the high and medium latitude 
stations is well illustrated by the Washington curve in Figure la. There is only one 
maximum which occurs in June. When, however, we come to the lower latitude 
station of Trinidad we note that there is a major maximum near June and just signs 
of a minor maximum in December. In this way we can see the double wave, more 
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fully displayed at Huancayo, developing. 
Unfortunately there are no stations south 
of Huancayo until we come to the Falk- 
land Isles, which station displays typical 
southern hemisphere behaviour, there 
being in this case a single maximum of 
noon h’F, in local summer, that is, in 
December. From this evidence alone we 
may surmise that the annual variations of 
noon h’F, at different latitudes, north and 
south of the equator, are as shown in the 
idealized diagram of Figure 3. Here the 
annual double wave of the equatorial 
station is seen as the connecting link 
between the northern and southern hemi- 
sphere types of variation. Moreover, so far 
as F, Layer equivalent heights are con- 
w southern latitude cerned, we should expect at such an 
equatorial station that (a) the noon value 
of h’F, would be the same in June and 
December: and (b) that h’F, would reach 
its minimum value at the equinoxes, 
that is, in March and September. 


If we now consider a series of stations 
lying along the longitude of Eastern Asia 
. © © . . . . 
and Australasia we find very similar phe- 
7 , » ; nomena occurring. Wakkanai (Lat.45-4°N; 

Dec feb f Jur Au Dec i . : 

; si : ite Long. 141-7° E) displays typical northern 

Fig. 3—Idealized version of annual variation intiheel i} awa : th al 
of noon h’F, at (a) high N Latitude; (b) low atl by € characteris ee. 1ere cing one 
N latitude; (c) equatorial latitude; (d) low S maximum of noon h’F, in June; while at 
ties met {6) high 5 Dalene, meat a corresponding station in the southern 
Note that the variations are not quantitative é ‘Lot HO Ct. 
and that lines of zero height are not shown. hemisphere, Christchurch (Lat. 43-5 S; 
Long. 172-7° E), the single yearly maximum 
of height occurs in December. At stations situated at intermediate latitudes we 
again encounter phenomena similar to those described above for stations in North 
and South America. As we proceed to lower northern latitudes from Wakkanai we 
find the June maximum in noon h’F, becoming relatively reduced, until, at Palau 
(Lat. 7°3° N; Long. 134-5° E), we find the full development of the annual double- 


wave. This is illustrated in Figure 4. 





ern /arituae 


Low northern /atituge 





a ee Ait), 
Gh southern /aritude 





Other equatorial stations on approximately the same longitude as Palau (e.g., 
Palmyra, Lat. 6° N; Long. 162-1° W) also exhibit the double annual wave. On the 
other hand as we proceed south, the middle-year maximum rear June has disap- 
peared at Cape York (Lat. 11° S; Long. 142-3° E), there being left only the December 
maximum characteristic of southern hemisphere stations of higher numerical 
latitude. 

A word or two should be interpolated here concerning the precise nature 
of the annual double wave at equatorial stations. Without exception it is 
found that the two maxima occur more nearly in July and in January than in 
June and in December. In other words, there is a shift in phase of about 
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one month between the maximum at 
higher latitude stations and the correspond- 
ing maximum in the annual double wave 

at equatorial stations. This result applies 7m) 
to both hemispheres, and is to be regarded i Wakkana/ 
as qualifying the very rough statement, ) 3 
made above, that h’F, varies inversely with 
cos y at equatorial stations. 


Fig. 4—Variation of noon equivalent F, Layer height 

(h’F,) at a temperate northern latitude station (Wak- 

kanai), at an equatorial] station (Palau) and at a tem- 
perate southern latitude station (Christchurch). 
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Palau km 8 | 410 | 373 | 372 | 394 














Christchurch km 252 262 27% 367 400 Fig. 4. 





THE IDENTIFICATION OF THE [ONOSPHERIC EQUATOR IN THE F, LAYER 


We have seen above that the change-over in type of annual variation of noon h’F, 
from the northern hemisphere to the southern hemisphere occurs at equatorial 
stations when there is an annual double wave. It is not too fanciful in this connection 
to say that, at equatorial stations, the variation of noon h’F, is of northern 
hemisphere type for approximately half of the year, and of southern hemisphere 
type for the remainder. Ideally, therefore, as suggested above, we might count 
the ionospheric equator as the place where (a) the two maxima of A’F, occur in 
June and December and are of equal value; and (b) the two minima of h’F, occur 
in March and September and are of equal value. However, no station has been 
found with these characteristics. There is the phase shift of the maxima of about 
one month already mentioned, while the minima show a comparable shift of the 
same sign. We therefore are obliged to adopt a definition for the ionospheric equator 
which departs considerably from the above ideal. Whatever the periods of maxima 
and minima there must exist stations which have the same maxima in height in 
July and January. At such sites the northern hemisphere type of effect in July is 
equalled by the corresponding southern hemisphere effect in January. We may 
therefore identify such sites with the ionospheric equator. 

Taking now the stations lying in the longitude of North and South America we 
can see, from Figures la and 2a that Trinidad does not qualify for the equatorial 
definition, since its maximum in June-July considerably exceeds that in December— 
January. On the other hand, at Huancayo the heights of the two maxima in July 
and January are very nearly equal, and, at a station very slightly to the south of 
Huancayo, we should expect them to be equal. In this connection we may recall 
that Huancayo (magnetic latitude 2° N) lies very slightly north of the magnetic 
equator. 

Similarly for the group of eastern longitude stations we find that somewhere 
near the latitude of Palau (magnetic latitude 0°) the value of noon h’F, is the same 
in July asin January. At the station of Palmyra, which is of more northerly magnetic 
latitude (magnetic latitude 6-5° N), the July maximum in height exceeds the 
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January maximum; while at the more southerly magnetic latitude station of Penang 
(magnetic latitude 3-5° S) the reverse is the case, the July height maximum being 
less than the January maximum. 

Such considerations, it is submitted, suggest that the ionospheric equator in the 
F, Layer may more nearly be identified with the magnetic equator than with the 
geographical equator. 


Some FurTHER REMARKS 

The above demonstration of the existence of a “ longitude-effect ’ in F, Layer 
equivalent heights and its association with the earth’s magnetic properties extends 
the author’s earlier work on the geomagnetic control of F, Layer phenomena. It 
will be recalled that such control was first exhibited by plotting [2], for the month 
of March, 1944, the relation between noon fF, and magnetic dip. Other curves have 
been drawn showing the relationship between fF, and magnetic latitude, the latter 
quantities being, of course, determined by the usual relation, 7.e., tan (magnetic 
latitude) =4 tan (magnetic dip). It is not considered that the geomagnetic control 
demonstrated in this way indicates that the ionizing radiation for the F, Layer 
consists of electrically charged solar particles, and therefore the very specialized 
type of geomagnetic co-ordinates based on the first-degree harmonic of the earth’s 
general magnetic field have not been used. Indeed it is the author’s own view 
that solar ultra-violet light is the ionizing agent of the F, Layer, and that 
the earth’s magnetic field controls the response of that layer to such ionizing 
radiation. 

It should, however, be mentioned that GALLET [5] has been unable to confirm 
the existence of the geomagnetic control of F, Layer ionization densities using data 
relating to a period of high sunspot activity, as opposed to the March, 1944, data 
used by the author which related to a period of sunspot minimum. All the available 
values of noon fF, have therefore been plotted again as a function of magnetic dip 
for the two months of September, 1944 (a period of low sunspot activity), and for 
September, 1948 (a period of high sunspot activity). These curves are shown, 
respectively, in Figures 5 and 6, and together illustrate the marked influence of the 
sunspot cycle on F, ionization densities. But it will be seen that there is also shown 
the belt of low ionization lying along the magnetic equator as described in the earlier 
note [2]. The inability of GALLET to confirm the existence of the geomagnetic control 
of F, Layer phenomena is therefore not understood. 

The present paper is restricted to an examination of experimental data and to an 
attempt to build up from them as coherent a picture of world ionospheric morphology 
as possible. In a later paper it is proposed to compare the results obtained with the 
numerous theories which have been advanced to account for F, Layer anomalies. 
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ABSTRACT 
Cosmic ray observations made at Canberra have been examined for variations according to sidereal 
time and compared with an analysis of results from other localities. 

The analysis was made by noting annual changes in the phase and amplitude of the first harmonic 
of the apparent solar diurnal variation. A regular change of phase with a period of one year may be 
caused by a true sidereal diurnal variation. 

Such regular changes have been found in the results for several stations. However these changes do 
not occur simultaneously over the globe. The changes differ in phase by about 180° in the northern and 
southern hemispheres with a tropical station having an intermediate position. This suggests that the 
variations are not sidereal but are of a solar-seasonal nature. 

Changes in the amplitude of the solar diurnal variation display no obvious world-wide regularity in 


the results examined. 


1. INTRODUCTION 

This paper aims at examining cosmic ray observations made at the Commonwealth 
Observatory, Canberra, for the presence of any sidereal variations and comparing 
the results with observations at other places. The question of a sidereal variation of 
cosmic rays has been of interest from quite early in the history of the subject as 
giving a possible clue to the place of origin of the rays [1]. Early observers claimed 
to have shown the existence of sidereal diurnal variations of the order of several 
per cent (see, for example, the summary by MIEHLNICKEL [2]). More recently, 
sidereal diurnal variations, if existent at all, have been found not to exceed 0-1°%. 
Forsvusu [3] has published the results of an examination of 595 days of observation 
at Cheltenham and 395 days of Huancayo results. He concluded that they were 
insufficient to establish the existence of a sidereal variation of this smaller order. 


Theories of the sidereal variation of cosmic rays have developed along several 
lines. The earliest, based on an assumed galactic origin and a linear propagation of 
the rays, qualitatively suggested that a maximum intensity of the rays was to be 
expected when the galaxy was overhead. The failure to confirm the pronounced 
sidereal variation to be expected on these grounds was succeeded by a suggestion [4] 
that small sidereal variations could be expected if the radiation was of extra-galactic 
origin, for its intensity would be affected with a sidereal period by that portion of 
the earth’s motion due to galactic rotation. The rotation of the galaxy is such that 
the earth, as part of the solar system, may be considered to be moving with respect 
to the remote galaxies at a velocity of 0-00le to a point, the solar apex, at 
a=20 hrs 40 mins, and d = +47°. If cosmic rays come uniformly from all the 
remote parts of the universe, then, because of the galactic motion of the earth and 
a type of DoppLer effect, the intensity of the rays at that surface of the earth turned 
to the solar apex will be fractionally greater than on the opposite side. On an 
unmagnetized earth this would result in a 24 hour sidereal period with an amplitude 
of +0-6%. Taking account of the earth’s magnetism and assuming equal numbers 
of protons and electrons in the incident primary rays led Compron and GETTING 
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to give a figure of +0-1°% for the amplitude of the sidereal diurnal variation at a 
latitude of 45°, the sidereal time of maximum being 20 hrs 40 mins. A later treat- 
ment of the problem, given by VALLARTA, GRAEF, and Kusaka [5] takes account 
more rigorously of the earth’s magnetic field, and traces the effect of various 
assumed compositions of the primary radiation on the expected variations. Their 
results, referring to the magnetic equator, may be summarized thus :— 


Table 1 





Sidereal Amplitude 
Sac eae - Time of oF 
(a) Composition Maximum 
13h 20min 
18h 00min 





Positive 50°, aa O8h 40min 
Negative 50% | »—KE 20h 40min 





With this theory an accurate knowledge of the sidereal variation can be an important 
clue to the composition of the primary radiation. 


2. OBSERVATIONS 

The Canberra observations were made with an ionization vessel screened by 10cm of lead 
blocks and using a compensation method to measure the ionization current. The equipment, 
methods of observations and reduction are described in detail in other places [6], [7]. The 
observations, which were carried out over a period of five years commencing 1935, Sept. 1, were 
closely controlled and were corrected for variations of outdoor pressure and temperature using 
factors derived from a method of multiple correlation analysis. Physical reasons substantiating 
the validity of these corrections are given in another paper [6]. 


3. APPARENT SIDEREAL VARIATIONS 
A direct method of displaying sidereal variations consists in arranging the results 
according to sidereal time and averaging for the various hours. This method is 
satisfactory provided any other periodic variations which may be present, cancel 
out effectively. This would not be so if any of the additional periodicities varied 
systematically in phase or amplitude. More specifically, a set of observations 
exhibiting only a solar diurnal variation, the amplitude or phase of which system- 
atically varied throughout the year, would, if treated by this method show an 


apparent sidereal variation. The apparent sidereal variations quoted in Table 2 


Table 2—Apparent Sidereal Variations 





A ‘_ | Obs. 


*Hafelekar (8) +0:04% | | 3 years 
*Hafelekar (9) +0-02 : 1 year 
+Capetown (10) +0-05 / 3 years 
*Canberra (6) +0-08 : 5 years 
tCheltenham (Md.) (3) +0-:03 2% 595 days 
tHuancayo (3) +0-06 395 days 








* Corrected for atmospheric pressure and temperature. 
+ Corrected for atmospheric pressure alone. 
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have been obtained by this direct method and accordingly, although in some 
instances they might be fitted in with the foregoing theoretical considerations, should 
be regarded with some reservation. The table indicates only results of substantial 
series of observations with some form of compensation apparatus (ionization 
vessel). The times of maxima, 7’, are given in local sidereal time (L.S.T.) appropriate 
to the place of observation and the amplitudes of the first harmonic are denoted 
by A. 

The results do not fit in with the more detailed theory taking account of the earth’s 
magnetism and they disagree amongst themselves to an extent greater than would 
be expected if a true sidereal variation existed. 


4. ANALYSIS OF APPARENT DIURNAL VARIATIONS OF I pp 


Methods for examining combined periodicities have been discussed by J. BARTELS 
[11] and a modification specially applicable to combined solar and sidereal varia- 
tions has been used by J. L. THompson [12]. THompson discusses a case in 
which two simple diurnal periodicities are combined. The first periodicity (of 
period 7',=1 solar day) is assumed to have a constant phase («) but to have 
an amplitude which varies according to the expression c+2k cos 27t/T, with a 
period 7 of 1 year. The second diurnal periodicity (of period 7',=1 sidereal day) 
is taken as having a constant phase / and a constant amplitude h. These period- 
icities are combined to give 


27 


+a)+hsin ( 7 +f) 


i 2nt 
) sin ( es 


f(t)=(e+2k cos T 


T; 
in which the time ¢ is expressed in solar days starting with Jan. 1 =O. THomMPpson 
shows that if, in such a case, the results of a series of successive days of observation 
over a period of one year be subjected to harmonic analysis and the first harmonic 
for each day be plotted on a conventional harmonic dial then the points obtained 
will delineate an ellipse; further the points on the ellipse will follow a chronological 
sequence in either a clockwise or an anti-clockwise direction dependent on the values 
of the amplitudes and phases. The above results may be summed up in the diagram 


Fig. 1—Systems of co-ordinates and vectors used in analysis of 
* diurnal variations. : 
OA, OB=axes for cosine and sine components of the first har- 
monic of the apparent solar diurnal variation. 
AA, AB=axes for plotting deviations of the sine and cosine 
components from the mean solar vector. 
ox, 0y=axes used for determining ellipse of annual variation. 
c=mean solar vector (7.e., mean of the 12 monthly 
vectors). 
k,, kg=vectors determining amplitude change of the solar 
vector of phase a. 
h=sidereal vector or vector determining phase change 
of the solar vector of phase /. 
8 OR=the resultant vector for any time ¢ (not drawn in). 








(Figure 1) where ¢ is the mean solar vector, k, and k, are equal vectors rotating in 
opposite directions and coming simultaneously into line with c, and h is the sidereal 
vector. Thus /, and k, serve to alter the amplitude of c whilst h the sidereal vector 
controls the phase of the apparent variation. The resultant of the vectors is the first 
harmonic of the diurnal variation. The component vectors for the results discussed 
here were determined by first making a harmonic analysis of the apparent solar 
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diurnal variation as averaged for each month of the year over periods ranging from 
three to ten years. The results were plotted on the usual harmonic dial to show the 
month to month change of the first harmonic; for graphical presentation, the value 
for each month was smoothed by averaging it with the preceding and succeeding 
values. As described elsewhere [7] an ellipse was fitted to the unsmoothed points 
by harmonic analysis of the deviations from the mean of all the months. The 
elements of this ellipse led to values for the vectors k,, k, and h. In the sequel, the 
vectors k, and ky, which differ only in the sense of their rotation, are denoted by k. 


5. OBSERVATIONS 
In addition to the Canberra results (five years), sets of observations which have 
been published in a fashion suited for this method of analysis have been used as 
follows: 

(a) the vertical coincidence counts made by A. DUPERIER [13] at London 
(3 years) ; 

(b) the results summarized by ISABELLE LANGE and S. E. Forsusu [14] 
for observations with Compton meters at Huancayo, Christchurch, 
Cheltenham, and Godhavn. These are later referred to as the Carnegie 
results. 


In these observations the different authors have made corrections for fluctuations 
of cosmic rays due to atmospheric causes by different methods. Thus for London 
and Canberra the observations were corrected for pressure and temperature changes 
using multiple correlational analysis to obtain the correction factors. These corrected 
results are termed Jp7. The Carnegie results have been published with corrections 
for pressure alone (/,) and the diurnal temperature corrections are not available. 
An examination has been made of the Canberra values for both cases of Jp and J pp. 
Whilst the J, figures give a mean vector smaller and earlier than do the /;,7 figures 
there is a similarity in the annual march of the deviations from the mean vector and 
accordingly the h and k vectors do not differ greatly. One is thus encouraged to 
pursue the analysis of the J; and the J, values without making distinctions on 
account of the different methods of correction. 


The first harmonic for the Canberra results was computed from 24 hourly values 
averaged for each month of the year over a period of five years. The required figures 
for London were taken directly from DUPERIER’s paper which covered three years 
of results. From the Carnegie results, periods of from seven years (Christchurch), to 
ten years (Huancayo), were used for the analysis. The results were expressed in 
standard times for the locality concerned. For all localities except Godhavn 
standard times differ by less than 7 mins from the local mean times. In the case of 
Godhavn the standard time is 36 mins fast on the local mean time. The preliminary 
stage of the analysis is graphically represented in Figure 2. This shows as an inset the 
annual mean vector of the first harmonic for each locality together with results 
available for Hafelekar (Jp7, 3 years). There is no obvious regularity in these 
vectors apart from the fact that the two highest stations Huancayo (3350 m) and 
Hafelekar (2000 m) have much the earliest 24 hour wave but this relation is not 
maintained, for the Canberra results (800 m) show a 24 hour wave later than other 
lower stations. 

The month to month deviations from the mean vector smoothed as described 
above are shown separately for each station. It is seen that with the exception of 
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Godhavn the deviations show a fairly regular monthly progression of the points. In 
the case of the Carnegie results the progression is in the anti-clockwise direction, 
whilst for London and Canberra it is clockwise. The Godhavn results, possibly owing 
to the unusual situation of the station from both a meteorological and a magnetic 
viewpoint do not give a simple figure and it has been thought inappropriate to 
attempt to fit an ellipse to the curve. 


4A 
London i, ra 
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Godhavn ly Cheltenham(Ma) 
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Fig. 2—Annual changes in the first harmonic of the apparent solar diurnal variation at various stations. 
The points represent smoothed average values for the individual months of the year. Points for successive 
months are joined by lines. The diagram for London (after DUPERTIER) is arranged in groups of two months. 


6. THE h AND k VECTORS 
The h and k vectors. obtained as described above are shown in Table 3. The Table 
also shows the probable errors for the London, Canberra, and Huancayo results. 


Table 3—Summary of h and k vectors 








Locality tmax + p.e. 


Oo 





London Ipr 
Cheltenham Iz 
Huancayo Iz 
Canberra I pr 
Canberra Ip 


Christchurch Iz 


0-03 —— 
0-04 +0-008 
0:05 +0-02 
0-04 +0-02 
0-04 — 


0-21 +0-02 


03-0h +0-1lh 
09-6h +0-7h 
08-0h +0-7h 
08-lh — 


0-36 +0-02 
0-02 mos 
0-07 +0-008 
0-22 +0-02 
0-17 +0-02 
Se ee 


June — 
Nov. 1 

Jan. 8+3d 
Mar. 27+10d 
Mar. 16+10d 
Apl. 21— 
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The probable errors for London are as given by Duprrter, the Canberra errors are 
ultimately based on the probable error of the estimate, by the correlational analysis 
method, of a single hourly value. The Huancayo probable errors are based on an 
average probable error of a single bi-hourly value in the average monthly diurnal 
variation curves. This information was not available for the other Carnegie stations 
and the errors were not computed. The Huancayo errors may be taken as a guide to 
the magnitude of the errors to be expected in the other cases. The regular progression 
of the points from month to month also supports belief in the reality of the variation. 


The A vector, though small, is present in all the sets of observations, with of 
course the possible exception of Godhavn. The amplitudes are approximately the 
same for all of the localities except London, and are several times the probable 
errors shown. The London results, obtained as they were with vertical coincidence 
counters are not strictly comparable with the others. The phase of the vector is 
expressed as the local sidereal time (L.S.T.) of occurrence of the maximum. The 
maximum is in the sense that the vector has its greatest effect in advancing the phase 
of the apparent solar diurnal variation at the indicated time. This maximum exhibits 
certain regularities. Thus in the two stations in the northern temperate zone the 
‘ sidereal ’? maximum occurs near 21 hrs L.S.T., whilst at the two stations in the 
southern temperate zone it occurs about 12 hours earlier. At the single equatorial 
station the time of maximum differs by six hours from these figures. This variation 
in the time of maximum strongly suggests that the phenomenon is not a true sidereal 
effect but is in some way under solar control and that the differences between the 
phase should be regarded not as twelve hours or six hours of sidereal time but as 
six months or three months. 


The & vector, which directly affects the amplitude of the apparent solar diurnal 
variation, is of very variable amplitude and does not display the same degree of 
regularity shown by the h vector. Thus the vector is probably negligible in the case 
of Christchurch and Cheltenham but is present at Huancayo, Canberra and London. 
The much larger values at Canberra and London require explanation. It-is these large 
values of k which bring about the clockwise rotation of the points in the harmonic 
variation diagrams for Canberra and London. 


7. CONCLUSION 
The examination of a considerable amount of cosmic ray data has failed to disclose 
the existence of any true sidereal variation in the ordinary sense. It has been shown 
that certain changes in the phase of the apparent solar diurnal variation exhibit 
seasonal regularities for stations in the temperate and equatorial zones. Any 
explanation of the cause of the h vector of these changes is likely to be complex and 
should take into account the recent results of Extxior and DoLBeEar [16] at 
Manchester which demonstrate differences in the diurnal variation obtained from 
rays arriving at different angles from the zenith. The difference between the 
directional counts at London and the hemispherical incidence results at the other 
stations dealt with here might well be related to the Manchester results. Also the 
appearance of Figure 7, in ELi1oT and DoLBEaR’s paper suggests that the h and k 
vectors could be mainly associated with rays arriving from a particular direction, for 
the figure shows that the counts with the equipment pointing to the north exhibited 
mainly a seasonal change of phase with only a small change in amplitude (cf. h 
vector) whilst with rays arriving from the south the seasonal change is mainly in 
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the amplitude (cf. # vector). This statement is of course more by way of illustrating 
the multiple nature of the ionization vessel results rather than to imply at the present 
stage an actual identification of the h and k vectors with any V and S components. 
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Upper atmospheric nomenclature 


SYDNEY CHAPMAN 


The University, Oxford* 
(Received 7 August 1950) 


ABSTRACT - 

It is proposed that stratosphere shall signify solely the nearly isothermal region above the troposphere ; 
that the layer between the stratosphere and the deep temperature minimum somewhat below 100 km 
be called the mesosphere; that the layer of rising temperature above this minimum be called the 
thermosphere. On the basis of composition, it is proposed to divide the atmosphere into the homosphere 
(of substantially uniform composition from the ground upwards) and the heterosphere (of different 
composition). On the basis of electron density, a correlative to ionosphere is proposed, the neutrosphere. 
Using pause to signify upper boundary, the stratopause, mesopause, homopause and neutropause are 
defined. Peak is suggested as the name for a level of maximum, e.g., mesopeak, ozone peak, H or F peak. 
Incline and decline are names suggested for the parts of a peaked layer below and above the peak, 
e.g., mesoincline (for the layer of rising temperature just above the stratosphere), mesodecline, EK or F 
incline or decline. A ‘ dip ” in a peaked layer is called a syncline. 


(1) There seems scope for a few additional terms connected with the upper 


atmosphere. 

(2) Various bases of characterization of different atmospheric regions and levels 
are in use, e.g., the presence of ozone or of ionization makes it convenient to use 
the terms ozone layer (or ozonosphere) and ionosphere (due to Watson WatTT); 
similarly for the exosphere, the high region whence there is escape of molecules from 
the atmosphere. These terms are modelled on the names given by TEISSERENC DE 
Bort, troposphere and stratosphere, based on the thermal stratification first revealed 
by his sounding devices (kites, balloons). 

(3) As used by DE Bort, stratosphere signified the nearly isothermal region 
above the troposphere; in contrast to H. FLoHN and R. PENNDoRF [1], I would 
prefer to restrict the term to this original meaning, despite its occasional use in 
recent years for any level above the troposphere. 

(4) Extending this thermal classification, I propose the name mesosphere for the 
layer between the top of the stratosphere and the major minimum of temperature 
existing somewhat below 100 km (the exact level is still uncertain): and the name 
thermosphere for the layer of upward increasing temperature above that level; this 
layer should, I suggest, extend beyond the next temperature maximum on up to 
the next temperature minimum, if such a maximum and minimum exist. 


(5) Like FLouHn and PenNpborr, I would advocate extended use (though in a 
manner different from theirs) of the term pause to signify upper boundary, as intro- 
duced by Sir NAPIER SHAW in the term tropopause. 

(6) Taking stratosphere to denote the nearly isothermal region above the 
troposphere, its upper boundary, where the temperature first begins to increase 
upwards more rapidly than is common in the lower stratosphere, would be the 
stratopause, and the mesosphere would extend from this level to the mesopause 
[2], at the level of the deep temperature minimum already mentioned. 


* Research Associate, California Institute of Technology, under Signal Corps Project No. 24-172B; on 
leave from Oxford University. 
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(7) It is uncertain whether this usage can advantageously be applied to the 
ozone [3] or to the # and F ionospheric layers, because of the indefiniteness of their 
upper boundaries. 


(8) For these layers and the mesosphere, the defining characteristic (ozone 
density, electron density, temperature) first increases upwards and then decreases. 
I suggest that in each case the level of maximum be called the peak, e.g., the H and 
F peaks, and the mesopeak (this word, though hybrid, seems more acceptable than 
the fully Greek word mesoacme). It is a matter of speculation whether or not the 
thermosphere has a thermopeak. 


The ozone layer can be considered under two aspects, both important, namely, 
absolute concentration or density, and relative concentration (the ratio ozone to 
air, by volume); these have different levels of maximum, which I suggest should 
be called the absolute ozone peak and the. relative ozone peak respectively. 


(9) The parts of such “ peaked ” layers which lie below and above the peak, 
where the defining characteristic is respectively increasing and decreasing upwards, 
may conveniently be called the. incline and decline, e.g., mesoincline, mesodecline, 
ozone or # or F incline or decline; and the usage may also be extended to thermo- 
incline, although we do not know whether or where there is a thermopeak. 


(10) If at some times and places a layer has two peaks (major and minor), the 
region between them, containing a minor minimum, may be called a syncline. 
Some rocket flights have suggested the presence of an ozone syncline, and some 
rocket data on upper air temperatures have indicated a mesosyncline, though in both 
cases there is some doubt as to their reality. 

(11) It may be useful also to classify atmospheric levels on the basis of 
composition. The main causes tending to non-uniformity of composition are diffusion 
(countered by turbulence) and photo-dissociation (countered by recombination). 
As long as they modify the composition only very slightly (e.g., in regard to rare 
constituents like ozone), the scale height of the atmosphere is simply proportional 
to the absolute temperature (if the variation of gravity with height is neglected). 
The temperature-scale-height relation becomes more complicated where the com- 
position changes materially with height. The name homosphere is suggested for 
the part of the atmosphere from the ground up to the level (probably about 100 km) 
where the composition first begins to change materially; this level would be called 
the homopause. The name heterosphere is proposed for the overlying region of different 
composition. The name homosphere may not need frequent mention, but for some 
years discussion is likely to remain active as to the level of the homopause, and as 
to the nature of heterospheric air (at higher levels), which means a very different 
gas from that at ground level. 


(12) Similarly a term correlative to ionosphere is proposed, to provide a complete 
characterization of the atmosphere on the basis of electronic presence or absence: 
the name neutrosphere is proposed for the region below the ionosphere, where the 
concentration of electrons is insignificant (apart from thunderstorms or meteor 
trails), at least from the standpoint of the radio physicist; and where the air particles 
are almost all neutral, far more completely so than in the ionosphere. The transition 
level between the neutrosphere and the ionosphere is the neutropause, a word more 
likely than neutrosphere to be often needed, e.g., “‘ the neutropause is lowered during 
a solar flare.” 





Upper atmospheric nomenclature 


(13) The various layers or ‘“‘ spheres’ are of course not exclusive, nor are they 
co-terminous; the ozone layer includes the troposphere, stratosphere and at least 
part of the mesosphere; the D layer probably overlaps the mesodecline, the iono- 
sphere probably includes the whole of the thermosphere and heterosphere (which 
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Fig. la, b, c—Illustrative summary of nomenclature (cf. $17). 


probably have different lower borders, the mesopause perhaps being below the 
homopause); in addition, the ionosphere probably overlaps the mesosphere and 
homosphere. 

(14) “‘ Upper atmosphere ” is a useful term, but its meaning depends on the 
context, and it is probably not convenient to limit its meaning too definitely; the 
weather forecaster may use it to mean the stratosphere and perhaps part of the 
troposphere, whereas to the radio physicist it may signify a region above the 
stratosphere as here defined. 
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(15) Precision may be gained while retaining brevity, in referring to different 
atmospheric levels, by using upper, middle or lower in conjunction with the 
specialized names of the layers or sub-layers; e.g., one may say that only the middle 
part of the mesosphere has a temperature above 0°C, or that the # decline may be 


in the lower heterosphere. 

(16) It seems premature to name definite heights in the case of several of the 
layers and levels (peaks and pauses). As in the case of the tropopause, the actual 
heights may vary with latitude, season, and from day to day. 

(17) The three figures illustrate the nomenclature here proposed for the regions 
and levels classified according to temperature (7’), composition, and electron 
density (n,). The graphs of 7 and n, represent distributions such as are now generally 
supposed to exist, but are very tentative; the scales of height / are not the same in 
the three diagrams, and all three scales (h, 7’, n,) may be non-uniform. 

(18) In conclusion I should like to support C. T. Etvey’s proposal [4] of the 
name airglow (suggested by O. SrRUVE) to signify the light emitted by the atmosphere. 
other than the aurora (and lightning). Ordinarily airglow will signify the (non- 
auroral) light of the night sky, but for further distinction one may call this the night 
airglow. in contrast to the twilight (sunset or dawn) airglow, and to the day airglow, 
which should now be observable from balloons and rockets that rise above the level 
at which the down-scattered light is very faint. 

(19) I should like to acknowledge the privilege of discussions on this matter 
with D. R. Barres and M. Nicouer; and I have their authority for mentioning that 
they are in general sympathy with the proposals here made, though they are not 
responsible for them. 


NOTES 

[1] Fronyx, H. and Pennporr, R.; The stratification of the atmosphere, Bull. Amer. Met. Soc. 1950 
31 71-77, 126-130. 

[2] In [1] this is called the ‘* upper tropopause ”’, although the name “‘ upper troposphere ”’ is not 
given to what is here (para. 9) called the mesodecline, and although “* stratosphere ”’ is used for the layer 
extending up to this level. Instead of mesodecline the name ** upper mixing layer ”’ is used, based on 
considerations of composition, although the layer is defined on a thermal basis, and although present 
evidence indicates that mixing is effective throughout the whole region from the ground to a level above 
the mesopeak (para. 8); see CHACKETT, K. F., PANETH F. A. and Witson, E.J.; ‘* The chemical composi- 
tion of the stratosphere at 70 km height ’’, preliminary report in Nature 1949 164 128, full account in 
J. Atmos. Terr. Phys. 1950 1 49-55. (It may be remarked that the samples referred to in this 
publication probably represent air typical of a level a little above 60 km rather than 70 km.) 

[3] In [1] the mesopeak is called the ‘* ozonopause ”, but it is doubtful whether the rather indefinite 
upper boundary of the ozone layer should be identified with the level of maximum temperature in the 
mesosphere. 

[4] Ervey, C.T.; ** Note on the spectrum of the airglow in the red region ’’, Astrophys. J. 1950 111 
432-433. 
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Radar observations of rain and their relation to 
mechanisms of rain formation 
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(Received 8 August 1950) 


ABSTRACT 

The radar echoes obtained from rain are known to be of two types, one of which shows a band of high 
echo intensity just below freezing level, the other a column structure. These echoes have been examined 
using both ground and airborne radar. The observations have been supplemented by measurements of 
the temperature structure of the atmosphere and by flight observations of the conditions within the 
precipitation areas. The results suggest that the two types of radar echo correspond to two distinct 
mechanisms of rain formation. 

The band of high echo intensity occurs when rain forms by the BERGERON process. Flight observa- 
tions confirm that it is due to the melting of ice particles as they fall past the 0° isotherm. In 
addition, other radar bands are observed to form at heights in the atmosphere where the temperature 
is in the vicinity of —16° C. The properties of these bands are described and it is concluded that they 
are due to the spontaneous freezing of relatively large drops in the cloud. 

The column type echoes occur in convective clouds and their characteristics are found to be entirely 
different. Even in clouds which extend some thousands of feet above freezing level, ice and snow 
particles are not involved and the precipitation consists entirely of water drops. Their properties are 
similar to those of rain from non-freezing clouds and are consistent with the rain having formed by the 
coalescence process. 

I. INTRODUCTION 


Many accounts have been given of the radar echoes which are obtained from rain, 
but on few occasions have the observations been used for studying the mechanism 
of rain formation. The present paper is an attempt in this direction. 

When rain falls from clouds which extend above freezing level, the radar echo 
patterns may take a variety of forms. On some occasions they are confused and 
change rapidly with time, on others they tend towards one of two distinctive types. 
One shows a layer type echo of high intensity, usually referred to as the “ bright 
band ”’, at or just below freezing level; the other has a column structure with no 
apparent discontinuity near freezing level. They are quite well known, and have 
been described a number of times in the literature (see for example MARSHALL, 
LANGILLE and PALMER [1}). 

The “ bright band” structure usually occurs in widespread rain. It is associ- 
ated with clouds of moderate or low convective activity which contain a mixture 
of ice particles and cloud droplets in their upper parts and are therefore producing 
rain by the BERGERON process [2]. RYDE [3] suggested that the increased echo 
intensity near freezing level was due to the melting of ice or snow particles as they 
fell through the 0° isotherm, and TrBBLES and Eon [4] have confirmed this by 
direct observation. A very complete description of the nature and intensity of the 
radar echoes from the bright band has been given by Hooper and Kippax [5], [6]. 

The column type of echo is obtained from convective showers and is associated 
with active cumulus clouds. It has been suggested that the absence of a bright 
band is due to the violent convection taking place, but a full investigation of 
the way in which rain forms in this type of cloud does not appear to have been 


made. 


125 





E. G. BowEn 


In the present paper a description is given of investigations made in Sydney, 
Australia, of the two main types of radar echo. In order to reduce the scope of 
the work to the simplest possible terms, the occasions on which the echoes have 
been confused or varying rapidly with time are omitted, and the description is 
confined to those in which the radar pattern was clearly one or other of the above 
types. Cumulo-nimbus clouds are therefore excluded as they tend to show both 
column and layer type echoes at different stages in their development. 

The present observations indicate that, while the mechanism of rain formation 
accompanying the bright band phenomenon is similar to that postulated by 
BERGERON, the mechanism in column type echoes is basically different. 


II. MeTHop OF OBSERVATION 

The observations have been carried out with both ground and airborne radar equipment. 
The ground radar is an SCR 717 set operating on a wavelength of 9-1 cm, in which the aerial 
beam is arranged to scan over the zenith from horizon to horizon. Typical examples of the 
echo pattern obtained are given in Figure 4; these, in effect, are side elevation views of a rain 
area in a vertical plane through the point of observation. The bottom edge of each picture 
corresponds to the ground, the radar set being located near the centre. The rain echoes appear 
above, while the ares of circles extending upward from the ground are due to intense echoes 
from buildings around the radar site. The sensitivity of the set is such that raindrops 1 mm 
in diameter would just be detected at a distance of 10000 ft if the drop density were 100 drops 
per m*, and drops 0-5 mm in diameter would just be detected at that distance if the density 
were 104 drops per m*. Compared with conventional height-finding radars which are 
limited in their vertical scan to an angle of 30°, the set has a number of advantages for 
rain physics investigations. It gives its maximum resolution on echoes immediately above 
the station, and it gives information about the previous history of rain actually falling on 
the station. 

A similar radar is used for observations in aircraft, the aerial beam rotating continuously 
about a horizontal axis along the line of flight. This gives an indication of rain echoes above, 
below, or on either side of the aircraft in a plane at right angles to the line of flight. The 
sensitivity is of the same order as that of the ground set. Typical examples of the radar 
patterns obtained are given in Figure 7, in which the central spot represents the aircraft, and 
the bright area below represents rain between the aircraft and the ground. Due to the great 
strength of the echo which comes directly from the ground, it appears not as a horizontal 
line, but as the are of a circle tangential to the ground. 

The aircraft radar includes an auxiliary cathode-ray tube which displays the amplitude 
of the radar echoes against height along a vertical line below the aircraft. This allows the 
radar echo intensity to be measured at different heights above the ground, from which an 
estimate of the rainfall intensity can be made. The display tubes are mounted in a flight 
recorder, together with instruments giving the height, air speed and heading of the aircraft, 
the time, ambient temperature, etc. These are photographed at frequent intervals, so that 
a complete record is obtained for subsequent analysis. 

An airborne installation has great advantages for investigations of the physics of rain 
formation, as the aircraft can be flown through the regions which are seen to be most interesting, 
and direct observation made of the conditions within them. It has been found that observa- 
tion of the drops or particles hitting the windscreen is a simple and effective method of 
distinguishing between water drops, ice crystals, snow, sleet and hail. In the absence of an 
accurate device for measuring their size, estimates of the diameter of raindrops encountered 
can be made from the size of the splashes on the windscreen. These estimates depend entirely 
on the judgment of the observer and are necessarily very approximate. They have been 
checked by flying near the ground when the drop sizes are known, and it is thought that the 
method is capable of indicating whether the drops are broadly in the range of sizes up to 
0-25 mm in diameter, between 0:25 and | mm, or greater than 1 mm. 

At sub-freezing temperatures the size of ice particles or supercooled drops hitting the 
windscreen can be estimated in the same way, provided the windscreen is kept covered with 
a thin layer of glycol and the windscreen wipers are in operation. 
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Both the ground and airborne radar observations are supplemented by measurements of 
the temperature structure of the atmosphere. During the aircraft investigations a temperature 
sounding accurate to 1° C is taken in the clear air adjacent to the point of observation. No 
readings are made in cloud however, as the aircraft thermometer is known to be unreliable 
when wet. When ground observations are made the temperature structure is obtained by 
reference to radiosonde soundings made at Rathmines, 50 miles N of the radar site. Owing 
to the distance between them, care must be taken to see that the radiosonde results apply to 
the air mass in which the radar observations were made. 
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Fig. 1—An E-—W section through the cloud situation and the temperature sounding on March 6, 1950. 


Il]. Layer Type Ecuors 
1—The Radar Band just below Freezing Level 


A typical experiment will first be described in which direct evidence was obtained 
that the radar bright band was associated with the melting of ice particles, and 
that rain was forming by the BERGERON process. On the afternoon of March 6, 1950, 
drizzle was falling along the coast N of Sydney from a layer of alto-cumulus 
which extended approximately 25 miles in the N-S direction and 10 miles in the 
E-W direction. An E—W section through the situation is given in Figure 1 together 
with a temperature sounding made in the vicinity. The base of the alto-cumulus 
was at 10500 ft, freezing level at 12000 ft, and the top of the cloud was estimated 
to be at 18000 ft. Drizzle was falling from practically the whole of the cloud 
and precipitation, presumably ice particles, was seen to be falling into it from 
confused layers of cirro-stratus above. Flights were made through the alto-cumulus 
cloud in a N-S direction at different heights above and below the 0° isotherm, 
each passage taking approximately 10 mins. The aircraft remained in the area for 
a total of 2 hrs, and during this period the general situation remained unchanged. 
There was very little turbulence. When flying at heights above freezing level, 
rime ice collected slowly on the leading edges of the aircraft, but it never reached 
serious proportions. 

An intense radar band existed the whole time centred at 11000 ft, where the 
temperature was +3°C. The band was sharply defined, as shown in Figure 2a, 
and was approximately 1000 ft thick. The rain below it was so light that it was 
only occasionally visible on the radar. The size of the raindrops, estimated from 
those hitting the windscreen, was 0-25 to 0-5 mm in diameter. Above the band 
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was a mixture of supercooled cloud droplets and ice needles, estimated to be 2 to 
4 mm long and approximately 0-1 mm in diameter. There was no obvious change 
in their size or number up to 17000 ft, which was the greatest height reached in 
the cloud. 

A careful investigation was made of the region immediately in and around the 
radar band. It was found that the boundary between the ice needles and the water 
drops appeared to coincide with the top of the radar band and that the number 
and size of the drops, and hence the rain-water content within the band, was not 
markedly different from that immediately below it. The observations therefore 
confirm that the bright band was associated with the melting of ice particles and 
that the enhancement of the radar echo intensity was not due to a great increase 
in water content at that level. 

As this type of band invariably appears to be connected with the melting pro- 
cess, and in order to distinguish it from other band structures described in the 
present paper, it is proposed that it should be called the melting band. This 
nomenclature will be used in the remainder of the paper. 


2—The Occurrence of Upper Bands 

It has been found that when a melting band exists, other band structures may 
also form at considerably greater heights in the atmosphere. These are sometimes 
of a transient nature and sometimes remain more or less stationary at one height. 
More often, however, they fall steadily towards the freezing level. Similar bands 
have been referred to briefly by Hooper and Kippax [6] and by WorkKMAN and 
REYNOLDS [7], but a detailed account of their properties does not appear to have 
been given. The observations about to be described were made with ground radar 
and relate to the period August to October 1949. 


(a) August 2, 1949.—On August 2, the wind at all heights was from the S, 
and at 1600 hrs* a widespread cloud formation began to build up from that 
direction. A well-developed radar band was observed overhead at a height of 
12500 ft, and an intense melting band at 5000 ft. Both were visible for some time 
before the rain started to fall at approximately 1630 hrs. The rain continued for 
several hours, and shortly after it began, the upper band descended slowly, became 
more intense, and merged with the echoes around freezing level. Another band 
then re-formed at the original height of 12500 ft and descended in the same way. 
The process was repeated several times at intervals of approximately 20 mins. 
The rate of descent was 5-5 ft per sec. 

The radiosonde record made at Rathmines at 1800 hrs on the same day is given 
in Figure 3a, showing that the height of freezing level was 5500 ft and that the 
temperature where the upper band formed was —16° C. 


(b) September 1, 1949.—On September 1, rain began to fall at 0700 hrs and 
continued with few breaks until 1000 hrs. The cloud base was at 6000 ft and the 
wind generally from the W at all heights. Radar observations were made from 
0915 until 1200 hrs, that is, for some time after precipitation falling to the ground 
had stopped. A melting band existed at 7000-7500 ft, and a distinct band formed 
at 14500 ft, reaching 3 or 4 miles E and W of the point of observation. It did 
not fall, but remained at the same height, gradually moving away in an easterly 
direction and disappeared at 1200 hrs. An aircraft sounding made at the same 


* Eastern Australian Standard Time. 


128 





“9F OOGS FB pueq “4F 000 TL pueq jo yYysI0Y 
Surjpour YIM “GFT ‘6 toquieydeg uo “yy OOOST 4” "45 000 FI FYSI0Y YRtoIe 2OCKT “9 Yourpy ‘speqysAud 
pueq toddn jo uolyRAdesqo repet puno1jg—qZ “314 aol JO Bulyjoul oy} 0} onp pueq ape oy. —ez ‘“31yq 


(rSoon/ yboy §& 
AS oon yOeH & 


| 
° 
= 
= 
: 
8 
ou 
& 
z 
eS 
— 
° 
D 
= 
ZL 
= 
£ 
a 
3 
& 
s 
3) 
¢ 
2 
¢ 
= 
c 
Pe 
a 
m 
= 
at 
eS 
= 
© 
~ 
3) 
= 
a 
~ 
= 
g 
a 
x 
S 
‘z 
x 
& 
Se 
° 
Nn 
S 
a 
} 
3 
: 
ge 
3) 
DQ 
oO 
2 
° 
~ 
& 
no) 
cI 
~ 
mc 





E. G. BowEN 


time is given in Figure 3b. It was found that the height of the top of clouds aver- 
aged 17500 ft, and the temperature where the upper band formed was — 15° C. 

(c) September 9, 1949.—On September 9, scattered showers began to fall at 
0800 hrs and continued until 1100 hrs. The wind was generally from the W and 
radar observations were made from 0910 hrs onwards. There was a well-developed 
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Fig. 3—The temperature soundings and the position of the radar bands observed on August 2 and 
September 1, 9 and 14, 1949. 




















melting band initially at 8500 ft rising to 9000 ft, the cloud base being at approxi- 
mately 7000 ft. At 0930 hrs an upper band formed at 18000 ft and fell away towards 
freezing level. The rate of fall was 6 ft per sec. The process repeated itself three 
or four times, the band always forming at 18000 ft. On this occasion it was very 
sharply defined, as shown in Figure 2b. The radiosonde record for that day is given 
in Figure 3c, indicating that the temperature where the band formed was —17° C. 
(d) September 14, 1949.—On the morning of September 14, rain fell from 0900 hrs 
onwards. There was 8/8 cloud, the cloud base was at 3000 ft and the wind was 
from the S-W. Radar observations were made from 0900 to 1000 hrs, when 
the rain eased off. There was a melting band at 7500 ft, and between 0915 and 0930 
hrs an upper band formed at 16500 ft and fell slowly until it merged with the echoes 
around freezing level at 0950 hrs. Unfortunately the rate of fall was not measured 
on this occasion. The 1800 hrs radiosonde record for that day is given in Figure 3d, 
showing that the temperature at the height of the band was —18° C. 

(e) October 24, 1949.—On the afternoon of October 24, a complex low pressure 
area covered New South Wales, and there was continuous light rain between 
1400 and 2100 hrs. Radar observations were made from 1430 hrs onwards. There 
was a melting band at 10000 ft, and at 1515 hrs a distinct upper band appeared 
at 16000 ft. This grew rapidly in intensity and fell towards the melting band. 
A sequence of ground radar pictures taken at intervals of approximately 2 mins 
is given in Figure 4. The rate of fall of the band was 7-5 ft per sec, and the 
way in which it intensified the melting band is clearly shown in the last picture. 
At 1535 hrs the band reformed and the process was repeated. There is some doubt 
about the atmospheric temperatures in this instance. The height of freezing level 
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given by the radiosonde was 9000 ft which does not agree well with the position 
of the melting band. The radiosonde balloon burst shortly afterwards and no 
readings are available for the height at which the upper band formed. On the 
assumption that freezing level was just above the melting band, and that the lapse 
rate was the wet adiabatic, it may however be estimated that the temperature 
at which the upper band formed was about —12° C. 


Table 1—Observations of Radar Band Structures 





The Upper Band 

Height of | Height of ———————|—_ — —— es = 

Date freezing melting Height of | Temperature | Rate of | Lapse rate 
level band formation | at which formed fall at this 


(ft) (ft) (ft) ( ft/sec) height 


August 2, 1949 5500 5000 12500 f Normal 
September 1, 1949 8250 7000—7500 14500 f Isothermal 
September 9, 1949 9500 8500-9000 18000 Normal 
September 14, 1949 7500 7500 16500 — Normal 


October 24, 1949 | — | 10000 16000 : : = 





* Estimated. 


3—The Properties of the Upper Band 
A summary of the results described above is given in Table 1. The principal 
characteristics of the upper band were: 
(a) General appearance and variation with time.—The upper band usually formed 
at a definite height in the atmosphere, and then fell slowly until it merged with 
the melting band. As it fell, the echo intensity increased, and when it reached the 
melting band the latter itself showed a marked increase in intensity. The process 
tended to repeat itself at intervals of 20 to 30 mins. 
(b) The temperature at which the upper band formed.—Apart from the observations 
of October 24, in which there is doubt about the atmospheric sounding, the air 
temperatures at the height at which the bands form were remarkably consistent, 
being —16°, —15°, —17° and —18°C. These are near the figure of —15° C which 
is frequently quoted as the temperature at which glaciation is seen visually to 
occur in clouds. 
(c) Rate of fall—On one occasion the band remained stationary at one height 
but on the other four occasions it fell. On three of these the rate of fall was 
measured and found to be 5-5, 6, and 7-5 ft per sec respectively. 
(d) Frequency of occurrence.—As a continuous radar watch has not been main- 
tained it is not possible to give an accurate idea of the proportion of rain storms 
which show the upper band phenomenon. During the three months, August, 
September and October 1949, however, upper bands were observed on approxi- 
mately half the occasions on which a well defined melting band was present. The 
remainder of the time diffuse echoes only were seen above the melting band. 


4— Interpretation of the Results 


The most obvious explanation which can be given for the upper bands is that 
they are due to the appearance of ice particles near the level at which they were 
first detected. Their subsequent behaviour is consistent with the growth in size 
(and therefore in reflecting power) of the particles, their fall and subsequent 
melting around the 0° isotherm. 
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(f) 1527 hours 


Fig. 4—Sequence of ground radar photographs of the formation of the upper band at 16 000 ft, 
followed by its fall to the melting band at 10 000 ft, October 24, 1949. 
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The formation of the ice crystals could be due either to sublimation direct 
from the vapour phase or to the freezing of water droplets. A considerable body 
of experimental evidence by FINDEISEN [8], CwILoNe [9], SCHAEFER [10], PALMER 
[11] and others shows that sublimation is unlikely to occur at all readily until 
temperatures of —30°C or —40°C are attained. Furthermore, the probability 
of ice crystals forming in this way is a slowly varying function of temperature, 
and hence there is no reason to expect them to appear suddenly at a discrete height. 
It is unlikely, therefore, that the formation of the upper radar bands described 
in this paper was due to sublimation. 


Laboratory experiments of HEVERLY [12] show, on the other hand, that while 
small cloud droplets do not freeze spontaneously until they reach similar tempera- 
tures of —30°C or —40°C, larger droplets freeze at gradually increasing tem- 
peratures, and drops of 0-4 mm diameter and upwards all tend to freeze at 
temperatures distributed about —16°C. The agreement between this figure and 
the temperature at which the upper radar bands form is significantly close and 
suggests that they are due to the spontaneous freezing of water drops. If drops 
froze in this way their reflectivity would first fall, owing to the difference in di- 
electric constant of ice and water. After freezing, however, rapid growth would 
follow in the manner postulated by BERGERON, and their reflectivity, being pro- 
portional to the 6th power of the linear dimensions, would increase very rapidly. 
They would therefore be expected to become visible on a radar set soon after 
freezing occurred. 

There is evidence to show that drops of the required size often exist in the upper 
regions of deep clouds. SmirH [13] has given examples of drop spectra in the top 
of a cloud in which the mean diameter of the drops was 0-3 mm, and a considerable 
fraction was larger. Other examples are given in Section IV of the present paper 
in which drops of still greater size have been found in the supercooled state at 
heights above the freezing level. It is difficult to account for such drops by a 
condensation process and in a previous paper by the author [14] it was shown 
that they might have formed by coalescence of cloud droplets in an ascending 
air current and that quite large drops could be transported upwards by this means. 
On crossing the freezing level they would be expected to remain in a supercooled 
state and, if HEVERLY’s results apply to drops in the atmosphere, those larger 
than 0-4 mm in diameter would freeze spontaneously at temperatures near — 16° C, 


It is possible that temperature inversions in the atmosphere have an important 
bearing on the formation of the upper bands in the manner discussed in the same 
paper [14]. An inversion would be expected to alter the vertical air velocities in 
a way which would lead to an accumulation of drops or particles at that level. 
Examination of the temperature soundings in Figure 3 shows no evidence for 
inversions on three of the four occasions concerned but does show the existence 
of an isothermal layer at the height of the upper band on September 1. This is also 
the occasion on which the band did not fall, but remained at the same height. It 
seems, therefore, that while temperature inversions are not the primary cause of 
the upper band structures observed, they may be an important contributory factor. 


It may therefore be concluded that the mechanism likely to give rise to the 
appearance of radar band structures in the vicinity of —16° C is the spontaneous 
freezing of large drops which have formed in the cloud. On freezing they would 
grow rapidly at the expense of the surrounding water drops, and fall to the 0° 
isotherm where they would melt and fall as rain. This process is contrary to the 
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ideas of FINDEISEN [15], who was of the opinion that the initial appearance of ice 
crystals was due to sublimation taking place on to sublimation nuclei directly 
from the vapour to the solid phase. It is consistent with the views of BERGERON, 
however, who in his original paper specifically referred to the possibility of ice 
crystals being formed by the freezing of water droplets. 


IV. Cotumn Type EcHOoEs 

During the early months of 1950, many examples have been observed of the column 
type of rain echo which shows no discontinuity at freezing level. Some of these 
have extended from the ground to heights just above the freezing level, while 
others have extended to much greater heights. Attention has been concentrated 
on those which extend only a few thousand feet above freezing level. They have 
been examined by aircraft carrying radar equipment, and particular attention has 
been given to the conditions near freezing level with a view to discovering whether 
ice crystals play any part in the formation of rain in these clouds. The conditions 
have been found to be in striking contrast to those in which the BERGERON process 
is at work. No evidence for the presence of ice or snow particles has been found, 
and the precipitation consists entirely of supercooled water drops. The two 
examples given below are typical of the majority of these observations. 


(a) February 23, 1950.—On the afternoon of February 23, a flight was made 
over the mountains 60 miles W of Sydney where cumulus congestus clouds 
were building up and decaying rapidly. The cloud base was at 5500 ft and the 
he'ght of the cloud tops averaged 13000 ft. Isolated heads occasionally pushed 
through this level and reached heights of 16000 to 18000 ft before dispersing. A 
temperature sounding made in the clear air during the ascent is given in Figure 6a, 
showing that freezing level was at 15000 ft and that a slight inversion existed 
between 12000 and 13000 ft, which was probably responsible for limiting most of 
the cloud to that height. A search of the area was made flying at 13000 ft, just 
above the cloud tops, where the temperature was +4°C. At 1510 hrs a cloud was 
found containing a rain echo which appeared to have just formed beneath a head 
projecting 1000 ft above the level of the surrounding clouds. 

At 1520 hrs the cloud started to build up rapidly, reached a maximum height 
of 18000 ft at 1527 hrs, and then began to subside. At 1535 hrs the head suddenly 
evaporated in the course of about a minute. It left perfectly clear air and there 
was no sign of ice particles or snowflakes left in suspension as is usual in clouds 
which contain such particles. The cloud remained unaffected from 13000 ft down- 
wards and could be distinguished from its surroundings for some time afterwards. 
A plot of the height of the top of the cloud against time is given in the dashed line 
in Figure 6a. 

While these changes were in progress four flights were made through the cloud, 
followed by two flights over that part of the cloud which remained after the head 
had evaporated. The first passage took place at 1516 hrs at a height of 13000 ft, 
and the radar echo was found to extend from just below the aircraft to the ground. 
The greatest drop size observed in the cloud did not exceed 0-25 mm, and the number 
of drops encountered was not considered large for that type of cloud. The second 
passage was made at 1521 hrs at the same height and the characteristics were 
substantially the same. A photograph of the radar echo obtained is given in 
Figure 5a. On emerging from the cloud it was seen that the top was rising rapidly 
and the aircraft climbed in an attempt to follow, 
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a Height 
(11000 ft) 


(a) 1527 hours ( c) 7533 hours 


(b) 1527 hours (d) 1536 Aours 


Fig. 5—Airborne radar photographs of rain echoes on February 23, 1950. 


The third passage was made at 1527 hrs at a height of 14000 ft where the clear 
air temperature was +2°C. The top of the cloud was estimated to have reached 
18000 ft. A considerable up-draught was encountered in making the traverse and 
although the aircraft maintained a nose-down attitude it gained 500 ft in passing 
through. The turbulence was much greater than previously but was never excessive. 
The water content was considerable, the whole aircraft being washed by sheets 
of water. The biggest drop size was estimated to be 1 mm and the rain echo now 
extended to a height of 3000 ft above the aircraft, as shown in Figure 5b. 

The aircraft then climbed to 15400 ft, where the temperature was a fraction 
of a degree below zero, and stayed at that height for the remainder of the experiment. 
A fourth flight was made through the cloud at 1533 hrs when the cloud was past 
its maximum development and showing signs of subsiding. Unlike the previous 
passage, no big drops were found, the water content was relatively low and the 
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radar echo was entirely below the aircraft as in Figure 5c. At no time was any 
ice or snow encountered and there was no tendency for water deposited on the 
aircraft to freeze. 

The cloud top evaporated shortly after the aircraft emerged from the fourth 
passage and a fifth flight was made, still at 15 400 ft, over the region where the head 
had been. The rain echo was still further below the aircraft as shown in Figure 5d. 
A final passage was made at 1541 hrs when the echo had practically disappeared 
and no further echoes were obtained from the region. 

It will be seen that the radar echoes are quite different in form from those 
obtained when ice or snow particles are involved, but are very similar to those 
in non-freezing rain described in the author’s previous paper [14]. 


Table 2—Aircraft Observations of February 23, 1950 





Radar estimate 
Aircraft Clear air Estimated | of rainfall intensity 
height temperature Turbulence drop size on ground 
(mm) (mm/hr) 


(ft) (°C) 
13 000 +4 Moderate 
13000 +4 Moderate 
14000 +2 Rough 
15400 0 Moderate 
15400 0 - 

15400 O 





The principal results of the experiment are given in Table 2, the last column 
of which contains an estimate of the rainfall intensity reaching the ground. This 
is derived from the intensity of the radar echo just above the ground, by a method 
which has been described by MARSHALL, LANGILLE and PALMER [1], and by 
Hooper and Kippax [6]. The radar echo intensity is known to be proportional 
to XND® where N is the number of drops of given size and D their diameter. The 
rainfall intensity is proportional to XN D3, so that knowing the characteristics of 
the radar set and on an assumption about the distribution of drop sizes, it is 
possible to relate the radar echo intensity to the rainfall intensity. The present 
results were derived on the assumption that the distribution of drop sizes in the 
rain was of the form given by Laws and Parsons [16]. It is difficult to assess the 
probable error of these estimates because of the many variables involved; but the 
values are conservative, as they are made on the assumption that the radar set 
was operating at its maximum sensitivity. Any decrease from the optimum— 
which is likely—would lead to greater rainfall intensities than those given. 

In Figure 6a, the height of the top of the radar echo is plotted against time 
together with the variations in the height of the top of the cloud. It will be seen 
that the rain echo grew upward through the freezing level as the cloud ascended, 
and that it fell rapidly just before the top of the cloud disappeared. These observa- 
tions, together with those made within the cloud, give strong grounds for 
supposing that the large drops found above freezing level were transported upward 
by the up-draught in the cloud. 

(b) March 21, 1950.—On the afternoon of March 21 a flight was made to a bank 
of convective cloud which was building up 30 miles N—W of Sydney. The cloud 
base was at 6000 ft, and the clear air temperatures given in Figure 6b were 
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obtained during the ascent alongside the cloud bank. No rain was falling from the 
base of the cloud and no radar echoes were obtained at this stage. When reached 
at 1400 hrs, the top of the cloud was at 14000 ft and the clear air temperature 
was +2°C. The cloud continued to build up slowly, reached a height of 16500 ft 
and then subsided a little. It rose again to a maximum height of 17500 ft, after 
which it fell back to approximately 14000 ft. A plot of the height of the top of 
the cloud against time is given in the dashed line in Figure 6b. 
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(a) 23rd February 7950 (b) 27st March 7950 


Fig. 6—The variation with time of the height of the top of the cloud and the top of the radar echoes 
together with the temperature soundings for February 23, and March 21, 1950. 








Radar echoes first appeared near the centre of the cloud at 1419 hrs. These 
grew rapidly in intensity and were observed to reach the ground at 1435 hrs. 
The echoes remained strong for an hour, after which they decreased in intensity, 
and faded away shortly after 1545 hrs. <A plot of the height of the top of the 
radar echo is given in the full line in Figure 6b, showing how it rose and fell in 
step with that of the cloud top. 

The general form of the radar echoes obtained is illustrated by the sequence 
of photographs given in Figure 7, taken at approximately 10-min intervals. In 
the first three, the aircraft was above the cloud at heights of 14500, 16500 and 
16000 ft respectively. The top of the cloud then rose above the aircraft and the 
next two flights were made through it at a height of 16000 ft. The aircraft passed 
above the rain area, but the cloud was found to contain some large drops up to 
0-5 mm in diameter. At no time was there any sign of ice crystals or snowflakes 
and, although the clear air temperature at that level was —2° C, the drops flowed 
over the windscreen and leading edges of the aircraft and were reluctant to freeze. 
When they did so, they formed glaze ice characteristic of that produced by super- 
cooled water drops. 

The cloud then subsided and at 1546 hrs a final passage was made over the top 
of the cloud at a height of 16000 ft. The rain echo was found to be reduced in 
intensity, as shown in Figure 7f. No further echoes were seen and the experiment 
concluded. 

It will be seen that, as in the previous experiment, the shape of the rain echoes 
is quite different from those associated with the BERGERON process but very 
similar to those from non-freezing rain. (Compare, for example, Figure 7 of the 
present paper with Plate II of the author’s previous paper [14].) 
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A summary of the principal observations is given in Table 3. In the last column 
is an estimate of the rainfall intensity at the ground, made as before from the radar 
echo intensity, indicating that the rain was less intense but of longer duration than 
in the previous example. In the present instance, the place where the rain fell 
was identified from the air and subsequent interrogation of inhabitants in the 
area confirmed that an isolated heavy shower fell at the relevant time. 


Table 3—Aircraft Observations of March 21, 1950 





tadar estimate 

= Aircraft Clear air Estimated — of rainfall intensity 
Dime height temperature Turbulence drop size on ground 

(hrs) (ft) ("@) (mm) (mm/hr) 

1419 14500 
1440 16500 
1504 16000 
1508 16000 
1536 16000 
1546 16.000 


Moderate 
Moderate 


bo bo bo ko to 





(c)—A total of six flight investigations of rain-producing clouds of this kind 
have been made during the first three months of 1950 with results which are similar 
to the above. The examples given may therefore be taken as typical of the pro- 
perties of column type echoes at this time of year in S—E Australia. 


1—I nterpretation of the Results 
The outstanding characteristic of these experiments was that at no time was there 
any evidence of 
(a) ice or snow particles in flying through the cloud around freezing level, 
(6) glaciation of any part of the cloud top or of ice crystals or snowflakes 
being left when the head evaporated, 
an increase in radar echo intensity as is found when ice particles or 
snowflakes melt. 


At the same time there was positive evidence of large drops being carried up- 
ward through the freezing level and of their subsequent fall to the ground as rain. 
The similarity to the case of non-freezing rain described in a previous paper [14] 
is remarkably close, both in the form of the radar echoes and the way in which 
they varied with the height of the cloud. The results suggest, therefore, that the 
mechanism of rain formation is similar to that in non-freezing clouds. 


It was shown in that paper that coalescence of cloud droplets was an important 
factor in the formation of rain in clouds which do not extend up to freezing level. 
A process was described in which a small fraction of the cloud droplets grew by 
coalescence in their ascent through the cloud after their initial growth by con- 
densation. These fell as rain when the air current ceased its ascent or after they 
had grown large enough to fall against the upward air current. There are good 
physical reasons to suppose that this process would continue in convective clouds 
which build up to heights above the freezing level, both the cloud droplets and the 
larger drops which grow by coalescence remaining in the supercooled state. No 
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(d) 1508 Aours © 


(c) 1504 hours (f) 7546 hours 


Fig. 7—Airborne radar photographs of rain echoes on March 21, 1950. 
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change of intensity of the radar echo would then be expected at freezing level and 
the echo characteristics would be similar to those from non-freezing rain. It is 
likely, therefore, that the rain described in this section also formed by the 
coalescence process. 


V. CONCLUSION 


A variety of rain situations have been examined with ground radar and by means 
of radar equipment carried in aircraft. It is found that the two principal types of 
rain echo pattern are associated with two distinct mechanisms of rain formation. 

It is confirmed that the type in which an intense radar band appears just below 
freezing level is connected with the BERGERON process of rain formation. It is 
also found that other radar bands sometimes appear in the atmosphere at heights 
where the temperature is about —16°C. The behaviour of these bands is con- 
sistent with their having formed by spontaneous freezing of water drops in the 
cloud. 

The second mechanism leading to rain formation occurs in many convective 
clouds which extend just above freezing level. The process involves only water 
drops and is similar to that which occurs when rain falls from non-freezing clouds. 
It has been shown previously that the coalescence of cloud droplets plays an 
important part in this process. 

Clearly, if such clouds grew to still greater heights in the atmosphere, ice would 
form at some stage, and they would become cumulo-nimbi. It becomes important, 
therefore, to examine clouds of the latter type in their early stages of development 
to discover whether the first appearance of large drops is due to the coalescence 


process or follows the appearance of ice crystals in the top of the cloud. 
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ABSTRACT 


A discussion of the effect of a variable atmospheric scale height is given. A linear gradient of the scale 
height is used and it is found that special conditions for ionized layer formation are possible. Also, 
the variation of the layer critical frequency with the altitude of the sun above the horizon and of the 
short wave absorption are found to be affected by the variation of the scale height. The scale height 
variation is involved in expressions for the absorption of the solar radiation and the electronic 
recombination coefficient. 


I 


The process of ionized layer formation has been examined in detail by CHAPMAN [1]. 
The simple case of ionization may be considered by assuming the absorption of 
ultra-violet light with a definite absorption coefficient in an atmosphere of uniform 
composition and temperature. Furthermore, the recombination coefficient is 
generally supposed constant independent of height. This direct method yields 
information regarding the possible origins of the ionospheric layers, the vertical 
distribution of the electronic concentration and the variation of the critical fre- 
quency with the solar zenith distance. 


The origin of the ionospheric layers or the determination of the photo-ionization 

processes may be studied by way of the following formula 
NKH = cosX (1) 
N being the active constituent’s concentration at the maximum of absorption, 
K being the molecular absorption coefficient associated with the photo-ionization 
process, H being the local scale height and X being the solar zenith distance. The 
value of the VKH product indicates the level of the layer if K is known. 
. The distribution of the electronic concentration N, with height is expressed 
(in equilibrium) by 

, = Nie (! ae sn ner) (2) 
where NX, is the maximum electronic concentration for ¥ = 0° (overhead sun) 
and ¢ = (z —z%,)/H, z being the height above a certain level z =0, zj, being 
the value of z corresponding to Ny. 

The theoretical variation of the critical frequency f, with the solar zenith 
distance is represented by 


fe=S.(X = 0°) x (cos X)4 (3) 


An important result has been obtained by APPLETON [2] regarding the total 
absorption suffered by a short radio wave when it travels a non-deviating CHAPMAN 
region. For the ordinary wave the absorption coefficient A is given by 
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__ 27? N,v Pan (4) 
~~ me w+ (p+ |pzl)? 
where pv is the collisional frequency of the electrons of mass m and charge e, 
f =27p is the exploring wave frequency, and f,;, =2ap, is the longitudinal 
gyromagnetic frequency. 

If the absorption of short waves reflected from the F-region takes place in a 
non-deviating region, the reflection coefficient may be expressed simply as 


— log p ~ (cos X)3? (5) 


Z 


if we consider only the variation of the total absorption with the solar altitude. 

Beyond this simple example, it is interesting to consider the possible observable 
effects on the characteristics of the ionosphere in cases where the structure of the 
atmosphere is more complicated and there is a variation of the electronic recom- 
bination coefficient with height. NicoteTr and Bossy [3] have given some infor- 
mation regarding the effect of the scale height gradient on the law of variation of 
short wave absorption with solar zenith distance. 


II 
Let us first consider the atmospheric pressure p governed by the statical equation 
dp = —gNM dz (6) 
where g denotes the acceleration of gravity and M the mean molecular mass. The 
pressure is also expressed by the equation of a perfect gas 
p=NkT (7) 
where 7’ denotes the absolute temperature and k BoLTZMANN’s constant. Then 


(6) and (7) clearly give 
dp aN , aT dz 


p N DF H 


where the scale height follows a law of linear variation, 


— =B,+f: @= woe 
mg 


where £ =dH /dz = constant (10) 


If the molecular mass is considered as constant* (g is assumed as constant in a 
certain range of heights), equation (8) may be re-written in the equivalent form 


(11) 


With (9), the integration of (11) gives the height distribution of NV 


1+, ‘ 
N =N,(H/H,) F sa 


The total number in a column between z and oo is then 
nee 
| Nd: = NH (13) 
a 
* It is not difficult to pursue the effect of a variation of the molecular mass ; but our purpose is 
only to give here some indications. ! 
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If we follow the details of CHapman’s calculations, we find [3] expressions* 
(a) NyK Hy = (1 + £) cosx (14) 
giving the maximum absorption law where Ny and H,, are the local values at the 
height of maximum absorption. 
so oe sec %) 


» 


(b) N, os N* e = 


eM 


(15) 


where € connects the local scale height H with the scale height at the absolute 
maximum Hj, (overhead sun) by the relation 

(H/H3,) -e"* (16) 
It is convenient to consider only the photo-ionization. In this case, instead of (15), 
we write the formula 


(1+ )(1—¢ —e— S see x) 


q= Tye (17) 


where q;, is the “maximum number of photo-ionization ”’ when X = 0°, 
(1 + B) Qe 
qt, =e (i+ A) At (18) 
Qo being the number of quanta arriving at the top of the atmosphere or of the 


considered layer. 
Furthermore, the condition of a maximum (dq/dz = 0) is 


- 
e—> = cosX 
and the maximum of photo-ionization q)y is 


EAE 
Iu = Iu oie 


or, by (19), 


Qu =U (cos X) 1+f 


which indicates the variation with solar zenith distance of the maximum number 
of photo-ionizations. 
(c) If the recombination coefficient is constant with height, the critical fre- 
quency f, is 
a (22) 
f= Jf, (= 0") x (casX) 4 
Under the same conditions, the absorption of short waves follows the law 
a (23) 
—logp+(cosX) 2 
This shows how a variation of the scale height affects the behaviour of certain 
theoretical characteristics of the ionosphere. Nevertheless, the variation with 
height of the recombination coefficient cannot be neglected. 
it 
Taking dN ,/dt = 0, thus N, = (q/a)?, we can determine the general condition of 
a maximum of the electronic concentration. 


* The value of the absorption coefficient is a mean value. 
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Let 7 be the optical depth at a height z, so that 
dr=N, K,; dzsecx (24) 


»0O0 
T=N;,K;H;secX = K;secX J] N;dz (25) 


where J, refers to the atom or molecule subject to the photo-ionization. We sup- 
pose the following relation with another constituent NV; 
7 _svnrn 9k 
N,=CN, 6) 
where C will be considered as constant. 


If Qo is still the number of available quanta at the top of the layer we can 
write the ionization equilibrium equation 


200 
- | N,;K;dzsecX 


y r r¥9 
N; K; Que = as 
a being the recombination coefficient. 
Let us suppose a to be a function of NV; only, according to 
ym . 

a =a, N” (28) 
where ~, = constant. Furthermore, we take H; = H;., +z which determines the 
scale height so that .V; refers to the principal constituent and, [cf (11) ] 


dN, 1+4dHi 
i; ae (29) 


Finally, with (26), (28), (29), the ionization equation (27) may be written as 
( IN; KH 
om jk 
on: K; Qxe [In(1+ f)—fleosk _ a, N™ N? (30) 


Thus, the condition of a maximum of J, is given by 


N,K,;H,sec® _ }— ™ (31) 
n (1+ A) n 
If the indices m and n (cf (26), (28)) are positive, the electronic concentration 
has a maximum only when m < n. 
In the atmosphere, above the maximum of dissociation of O., n may be 2 or 3, 
according as the recombination to O, occurs by a two-body or three-body collision. 


In the case of two-body radiative recombination, (31) becomes 
N, K; H, =(2 — m) (1 + f) cosX (32) 
and for a three-body process 
N, K; H, = (3 — m) (1 + f) cosX (33) 
For radiative recombination of O,, no maximum of the electronic concentration 
can be expected if the electronic recombination coefficient depends on the con- 
centration NV" with m>2. The formation of an ionospheric H-layer by O, is possible, 


however, if the electronic recombination coefficient is proportional to the pressure 
(m =1). The recombination of oxygen molecules may be due to the three-body 
process (n = 3) in the region where we observe the H-layer. In this case, the for- 
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mation of an electronic concentration maximum is still possible by the photo 
ionization of O, even if the electronic recombination coefficient is proportional to 
Nn?. Nevertheless, if we take account of the temperature effect (on a,) in the 
electronic recombination coefficient (28), the effective value of m can change. For 
example, if ~, is directly proportional to 7’, the temperature, and /£ ¥ 0 (so that 
T varies with height) then « varies as if ~, were constant and m were decreased to 
m*, thus if m* would be 0-91 for # = 0-1 and 0-83 if # = 0-2. 

It should be noted here that in the case of an atmosphere with the same scale 
height for all constituents (n = 1), the formation of a layer is possible even if the 
electronic recombination coefficient is a function of height. For example, (31) 
being written 

Nj KjHj _ ait 
tinea * (34) 
there can be a maximum of the electronic concentration if m* is of the order 0-8 
or 0:9. The above considerations lead to the result that the formation of a layer 
appears at a level above the maximum of the photo-ionization. Thus a scale height 
gradient may lead to a simple explanation of various ionospheric characteristics. 

Now, the conditions imposed by the above equations for the formation of a 

layer determines the parameters involved in the relation 


f. + (cos X)v 
In an atmosphere with the same scale height for all the constituents (n = 1) and 


with an electronic recombination coefficient « which is constant, the critical fre- 
quency (22) follows the solar zenith distance as 


1+, f = 

fo + (cos X) “4 35) 

In fact, the analysis of the exponent of cos X cannot be represented by so simple 

a relation since the effect of temperature and of variable scale height can consider- 

ably modify the numerical values. For this reason, it is convenient to tabulate 
various possibilities for explaining the values of the exponent. 


Table 1—Values of v in the relation f, + (cosX)%: «, = constant 


a = a,N™ "Wn =-1 n 2 n= 3 





— = Ps OS p= 0 Oi 6-2 B=0 =01 = 0-2 
vm 


0:25 0-26 0-27 0-25 0-26 0-26 25 0-26 0-27 
maximum at « 0:38 0:39 0-41 33 0°34) =) (0°35 
no maximum maximum at © 








An average of v for Washington (1938-1948) is 0-31 and for Watheroo 0-27. If this 
difference is real it may be due to a scale height gradient different in two places. 


If Og (by pre-ionization) is responsible for the origin of the H-region an explana- 
tion can be found even if the electronic recombination coefficient is proportional to 
the pressure (m = 1). On the other hand, if in this region the height distribution 
of the particles is the same as that of the main constituent so that m = 1, the 
observed values of v can be explained only by supposing a independent of the 
density (m = 0). 
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The general law (31) may help, with suitable choice of the two indices m and 
n to explain the F, and F,-regions. It is still not possible to give a definite treat- 
ment, but we can suggest the formation of a layer above the photo-ionization 
maximum or the formation of a layer in which there are two constituents, one 
ionized and one not, with different scale heights. 

For the D-region in which the vertical distribution is probably the same for 
all the principal constituents and in which the electronic recombination coefficient 
is a function of height, the formula (31) indicates that a normal maximum of the 
electronic concentration is not possible. 

Nevertheless, the absorption of short waves according to the observational 
results must be explained. Details are given in [3], but the view there adopted 
regarding the recombination coefficient is probably not correct : because it is res- 
tricted to the case m = 0. 

Because the published experimental and observational data are meagre, we 
adopt various possibilities as follows: 


For the recombination coefficient 
5 ee ym .—t 
a=a,N;a=a,T? N anda=a, NT 


for scale height gradient # = dH /dz 
Bf =0-1 B =0-2 Bf =0:3 
and for the electronic collision frequency 
yv=CT*N 
The results for the variation of w, the exponent in the absorption relation 
—log p + (cosX)” are shown in Table 2. 


Table 2—Values of » in the relation — log + (cos %)® 





B =01 fb = 0-2 Bp 


a, N 0-95 
a, N Tt 0-97 
a, NT 0-93 





As the observed values of w is somewhat less than 1, perhaps about 0-85, it may be 
concluded that / is not zero, but about 0-2. 

It is practically certain that the scale height of the ionosphere increases from 
the D-layer upwards and it is known that the recombination coefficient varies with 
height; moreover, the ionizable constituents may have scale height different from 
that of the main constituent. It is here shown that by extending CHAPMAN’s theory 
to allow for these circumstances, material progress can be made in the explanation 
of ionospheric characteristics. 
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ABSTRACT 

The surface energy density of the abnormal sound from big explosions is calculated for a special 
vertical temperature distribution in the atmosphere. It appears that, in agreement with measurements 
of Cox et alii, on abnormal sound from the Heligoland explosion, waves with frequencies as low as 
0-1 c/s can be bent back in the ionosphere at a height of 170 km with considerable intensity. Waves 
with frequencies higher than 70 c/s are practically totally absorbed in the upper stratosphere. 
Accurate measurement of the travel-time and intensity of abnormal sound could be used to give 
information on the temperature and pressure in the ionosphere. 


Many papers have been written on the propagation of sound from gunfire or big 
explosions over great distances. After the 1914-18 war explosions of munition 
dumps demonstrated that in several cases, sound waves, heard at distances greater 
than 200 km, had travelled through the upper stratosphere. This phenomenon, 
often called “abnormal propagation of sound ”’, provided an opportunity for 
calculating the temperature distribution in the stratosphere. Recently a paper 
written by E. F. Cox et alii [1], containing a report of microbarograph observations 
of the Heligoland explosion (April 18, 1947) up to a distance of l000km from 
Heligoland, appeared in the Journal of Meteorology. The writers arrive at the 
conclusion that their microbarographs had recorded sound waves with periods 
about 1 sec, which were reflected to the earth in a region of positive temperature 
gradient at heights between 30 and 50 km. In addition, very long waves with 
periods about 10 sec arrived at distances beyond 400 km, which they believe were 
returned from the second high-temperature region of the upper atmosphere. 
Such long waves must have penetrated as far as 170 km into the ionosphere, in 
order to be able to cover a horizontal distance of 900 km. 


Until recently little attention has been paid to the problem of the energy dis- 
tribution in abnormal sound. ScHRODINGER [2] made calculations on the sound 
absorption in atmospheric air. He arrived at the result that the absorption co- 
efficient increases with increasing height and that only long wavelengths can 
penetrate deeply into the stratosphere. The influence of geometrical spreading of 
sound energy was indicated in the above mentioned paper by Cox et alii, in which 
a calculation by GUTENBERG about the relation between the surface energy density 
and the distance from the explosion was cited. Cox et alii have applied GuTEN- 
BERG’S theory qualitatively to their own observations. 

It seemed to me worth while to estimate the surface energy density quantita- 
tively, since it is not evident beforehand that sound waves can penetrate into the 
ionosphere, but if so, the energy of the reflected waves could be used to provide 
information not only on the temperature distribution but also on the pressure 
variation in the upper atmosphere. 

The abnormal sound, which strikes the earth with an angle of incidence i at a 
distance A from the centre of the explosion, has an energy flow H(A) in the 
direction of propagation given by 
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. E, tani di 9 A/s wd 
H(A) = in A a OO a sin 7 dA) (1) 


E, is the energy of the sound waves at the centre, and the factor A! (di/dA) tan i 
accounts for the geometrical spreading of energy [3], whereas the exponential 
function gives the absorption along the ray path. The absorption of sound 
[4]-[7] is governed by several factors, viz viscosity of the air, transport of heat, 
energy losses by radiation, diffusion of components in a mixture of gases and 
excitation of the molecules*. In rarefied gases a further absorption appears when 
the mean free path of the molecules is no longer small compared with the wave- 
length of the sound waves, so that the compressions and dilations of a travelling 
wave are equalized. 

If we confine our attention to low frequencies, say less than 100 c/s, the energy 
losses by the influence of radiation, diffusion and excitation can be neglected, so 
that only viscosity and heat transport must be considered. The energy loss in 
highly rarefied air becomes important only at heights above 100 km (the mean 
free path of the molecules can be estimated to be a few metres at 170 km_ height). 
As, following Cox et alii, the frequencies of the sound waves which reached a 
height of 170 km were very low, viz of the order of 0-1 ¢/s corresponding to wave- 
lengths of a few kilometres, this kind of absorption can also be neglected. The 
dependence of the absorption coefficient « on the height above the surface of the 
earth can after SCHRODINGER be accounted for by considering that the viscosity 
and the heat transport coefficients divided by density are proportional to the mean 
free path | of the molecules. By doing this, we neglect the influence of the tem- 
perature variations in the atmosphere, which is much smaller than the influence 
of the mean free path. Taking the mean free path at ground level as /, the following 
formula can be derived for the energy absorption coefficient a: 

7 2p2 ‘ eg” 
“a (G2 + Sy) (2) 


3 PCy 


aes ov” 
where v = frequency of sound waves, v = velocity of propagation, | = mean free 
path of molecules of air, 1, = mean free path at ground level, 7 = PoISEUILLE’S 
coefficient of viscosity, p = density of air at ground level, x = c,/c,, q = coefficient 
of heat transport. 

If » = 1-71 x 10-* g/emjsec, p = 1-29 x 10-* g/om*, x = 1-40, ¢, = 0-24 
cal/g/degree, q 33 x 10-> cal/degree/em/sec and 1, = 0-7 x 10->cm, then 
a = 1-4x 1087 y*, 

The calculation of the energy was based upon the upper atmosphere temperatures 
computed by Cox et alii. Wind effects have been neglected. The curve of the 
velocity distribution (Figure 1) calculated on the supposition that the composition 
of the upper atmospheric gases is similar to the composition at ground level, was 
only slightly simplified in order to make the computations easier. From this graph 
the ray paths of the abnormal sound and the travel-time curves (Figure 2) were 
calculated. Two travel-time curves A and B were found, one (A) corresponding to 
rays which are reflected at heights between 40 and 55 km, the other (B) for rays 
travelling higher than 80 km. Both curves show a skip, and a doubling of the ab- 
normal sound into A, and A,, and B, and B, respectively up to a certain distance. It 
must be emphasized that hitherto this doubling has not been observed with certainty. 


5: 
1.34 
y3- b 


* Thanks are due to Dr. KNEsER for information on this subject. 
+ ScHRODINGER used a smaller value: 1:0 x 1061 v?/v3, 
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The curve B must not be confused with the travel-time curve for sound rays 
consisting of two hops, which could be found from curve A by doubling the travel- 
times and distances. 

The energy distribution of the abnormal sound along the surface was calculated 
from equation (1) with the aid of the calculated ray paths. The NACA [8] tables 
were used for the mean free path of the air molecules in the atmosphere at noon. 
These tables give values to a height of 120 km. Above this height only approximate 
calculations can be made. 
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Fig. 1—Velocity of sound in the atmosphere, Fig. 2—Travel-time curves calculated from the 
used for the calculation of the surface energy velocity function of Figure 1. 
density. 


The mean free path / is defined by the formula 


1 
to a, 
rna* (2 
where a is the average kinetic theory diameter of the atmospheric molecules and 
atoms, and n is the number of molecules per cubic centimetre. » can be calculated 


from the pressure p and the temperature 7’ by means of the relation 
p=nkT 


Mirra [9] has calculated the molecular density to a height of 900 km. Using his 
figures for n and taking the value for a at ground level, we find the values of 


Table 1 for 1. 


l¢ 
“ 
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Table 1—Mean free path of air molecules (below 120 km, after NACA) 





Height Height 
(km) 


0 
20 
40 
60 
80 

100 


bok toh 





In order to clarify the results, the energy H(A) was divided by the energy 
E'(A) of normal sound for the case of an isotropic atmosphere: 


' Ey 1 


The absorption of normal sound along the surface can be neglected according to 
equation (2), even at very large distances A. 
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Fig. 4—Energy density of abnormal sound for 


Fig. 3—Energy density of abnormal sound, ac- 
sound waves of frequency v=1. 


cording to travel-time curves A,, A, and By, Be 
of Figure 2, for sound waves of frequency v=0'1. 


The ratio E/E’ is represented graphically in Figures 3 and 4 for two frequencies 
(v = 0-1 and vy = 1). Each graph consists of four curves, corresponding to the 
travel-time curves A,, A, and B,, B,. No allowance was made for interference 
of the sound waves in the neighbourhood of the skip points of curves A and B. 
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In general E/E’ is about unity, but as in practice the intensity of normal sound 
will be less than £’ owing to irregular absorption at the surface, the abnormal 
sound can reach distances at which the normal sound cannot be detected. It 
appears that sound waves of frequency v = 1 cannot travel farther than 600 km, 
but waves with frequency v = 0-1 can reach a height of 180 km and can cover a 
distance of 800 km along the earth’s surface. These results are in good agreement 
with Cox’s measurements. 

For higher frequencies the influence of the absorption becomes very large, so 
that the outer diameter of the zone of abnormal sound shrinks more and more. 
Waves with frequencies greater than v = 70 are practically totally absorbed in 
the upper stratosphere. Numerical values of the exponential function of equation 
(1) for various frequencies are given in Table 2. 

The energy distribution thus found appears to be highly sensitive to minor 
alterations of the velocity-height curve, and of the values accepted for the mean 
free path. Therefore accurate measurements of the energy distribution of abnormal 
sound could be used to yield invaluable information on the structure and properties 
of the higher atmosphere, especially in regions which hitherto have only been 
explored by radio signals and occasionally by V—2’s. 


Table 2—Values of the absorption factors for abnormal sound waves of various frequencies 
(A=distance along the surface, z=maximum height reached by sound waves) 








253 42 1-00 | 1€ 92 0-72 0 0-28 
270 2 | 1-00 | 1: 92 0: 40 © 0-24 
5 1-00 : “72 oD “02 0-00 “OC 0-00 
1-00 “Of “3: : : 0-00 . | 0-00 | 0-00 


1-00 “92 0-00 0-00 . 0-00 “( 0-00 | 0-00 
1-00 -76 0-00 | 0-00 “( 0-00 ) 0-00 | 0-00 
1-00 “46 0-00 | 0-00 , 0-00 0-00 | 0-00 
0-90 ° 0-00 | 0-00 : 0-00 ° 0-00 | 0-00 
0-48 : 0:00 | 0-00 . 0-00 | 0- 0-00 | 0-00 
0-01 0-00 | 0-00 0-00 0-00 | 0-00 
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ABSTRACT 

Some notable features of the APPLETON-HARTREE formula when collisions are neglected lead to a 
study of particular approximate solutions of the quadratic equation that determines the complex 
refractive index and the polarization. 

The most fruitful approximation is applicable when the collision frequency is small compared with 
the wave frequency. The solutions then provide sufficient data for a set of curves, presenting a complete 
mathematical picture of the associated complex dielectric constant and the polarization, to be drawn. 
From these are derived curves depicting the behaviour of the refractive index and absorption co- 
efficient under physical conditions. 

Other approximations include the cases of the gyro-frequency small and large compared with the 
wave frequency, and the collision frequency large compared with the wave frequency. 

Applications of the magneto-ionic theory to propagation in the solar atmosphere are critically 
discussed and formulae for the emergent intensity of thermal radiation whose frequency is large 
compared with the gyro-frequencies of the medium are given. 


1. INTRODUCTION 
1.1. APPLETON’s magneto-ionic theory comprises the conditions of propagation of 
a plane electromagnetic wave of given frequency in a given direction within an 
infinite homogeneous ionized medium in a uniform magnetic field. For the direction 
of the unit vector n the field vectors corresponding to a wave of frequency f = p/27 
at a point r and instant t, may be represented by the real parts of 


" = 71 
E=E exp 1 —p (t—q n.r/c) if 


(1.1) 


H = H’ exp { —ip (t—q n.r/c) } 


where the complex amplitudes, E” and H”, and the complex refractive index, 
q = +7X, depend on the orientation of the direction of propagation with respect 
to the imposed magnetic field Hp, as well as on the intrinsic properties of the 
medium. The absorption coefficient k =Np/c, and yw is the usual real refractive 
index. 

The AppLETON—HARTREE formula for g is best written in the form (cf BooKER! 
[1] ) 

x 
iz +le + iy Q cos 6 
where Q? —- 21.G9+1=0 
G=g/(l+iz+lxe—2),g=y sin?0/2cos0 


1These formulae are usually written to correspond with the alternative representation of the 
complex field vectors (1.1). However, it seems more convenient to have in the exponent the factor 7 
multiplying the real positive term in which we are interested. The identification of these formulae 
with those that correspond with the alternative representation is effected by replacing i by — 7 wherever 


it occurs. 
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and @ is the angle between n and Hy. The dimensionless parameters 


T ¢2 
al 
47?me,, 


_ lel#,Ho 


were introduced by APPLETON [2]. In (1.3) the formulae are expressed in rationalized 
electromagnetic units (such as m.k.s.), e and m are the charge and mass of an 
electron, €, and wu, the permittivity and permeability of free space, NV, the electron 
density and / the LORENTz term, which has been taken variously as 0 and 3}; fo is 
the natural frequency of electron plasma oscillations in the absence of a magnetic 
field when collisional effects are negligible, fy, is the electron gyro-frequency and 
v the mean frequency of elastic collisions made by an electron with the other 
particles of the medium. 
The complex polarization, Q@ = U + <V, is the ratio in 

of the components of H, which lie in the plane normal 
to n, parallel and perpendicular to the projection of 
H,. It specifies the elliptic locus of the magnetic 
vector. The electric vector is not in general trans- 
verse but its transverse part, which is perpendicular 
to the magnetic vector, has a similar locus rotated 
through one right angle. In the appropriate co- 
ordinate system of Figure 1 

et (1.4) 


H, » Be 








0 

This agrees with the conventional specification pi, 1 The co-ordinate system 
when the electric vector, too, is transverse, as in free of the plane of polarization. 
space. Since observations are usually made after a 
wave has emerged from a magneto-ionic medium we shall avoid confusion by inter- 
preting @ in terms of the elliptic locus of the transverse part of the electric vector. 
Then the ratio, R (> 1), of the lengths of the major and minor axes and the angle, 
y, between the major axis and the projection of.H, are given by 


pre Lt 2U7t lelt+ (1 +1) {1 + 2(07— 4) +1a1} | 
2V2 


. (1.5) 
tan 2y = edi 
1-1Q)* | 


The sense of description of the ellipse is right-handed (RH) with respect to the 
direction of propagation if V >0 and left-handed (LH) if V <0. It follows from 
(1.2) that the polarizations, Qa, Qs, say, of the two waves that can travel in a 
given direction in a uniform magneto-ionic medium are such that 


Ox Q;= 1 (1.6) 
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The polarization ellipses are similar and described in opposite senses; the angles 
their major axes make with the projection of H, are complementary. 


1.2. The AppLETON—HarTREE formula (1.2) takes a relatively simple form when 
propagation is longitudinal or transverse with respect to Hp. 


In the former case 


|cos 6 


corresponding to 
cos 6 


and in the latter case 


— x = 
1+%+ lx 


g=q3=1 


[ee x 
or % l+iaz+ lx — y/(1 + iz + la — 2) 





corresponding to @ = (0) or (0) 


The polarizations are therefore circular for longitudinal propagation and linear 
for transverse propagation. From these it is not difficult to derive explicit formulae 
for w and X, and to follow their behaviour in detail as the parameters 2, y, z are 
varied. 


For other directions of propagation the general formula (1.2) is very complex 
It has been considered by several authors. M. Taytor [3], [4] attacked the formula 
numerically from a very practical point of view by taking selected values of 
f and vy, the values of H, and @ appropriate to vertical propagation in the earth’s 
magnetic field at Slough, England, and / = 3. She obtained curves depicting 
and X, the real and imaginary parts of g?=M-+- N, and the state of polarization, 
as functions of the remaining parameter V,. Her curves show the manner of 
transition of the characteristics of propagation from quasi-transverse (QT) to quasi- 
longitudinal (QL) type as v passes through the critical value v,= 7 fy sin*0/| cos 6 |. 
RaATcLiFFE [5] took z = 0, and, choosing typical values of the parameters y and g, 
traced the transition of the curves w(x), R(x), as 6 ranges from the transverse 
value, 90°, to the longitudinal value, 0°, for the two values 1 = 0,4. He indicated 
the modifications necessary when the effect of collisions is no longer negligible. 
BarLey [6] and BarLey and SoMERVILLE [7] have devised ingenious graphical and 
mechanical methods for computing Q, «4 and X for any values of N,, v, Hy) and 6. 
MartTyYN [8] used the first of these methods to draw polarization, dispersion and 
absorption curves for selected values of vy and typical values of y. Such methods 
are, however, greatly facilitated by a prior knowledge of the general mathematical 
behaviour of the functions being investigated, such as is provided by typical sets 
of curves like those of Ratciirre [5]. A more detailed mathematical study, in 
particular of the transition from QT to QL propagation, has been made by 
Booker [1], resulting in a set of typical dispersion and absorption curves. 
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1.3. None of these investigations, however, enables the physicist to discover 
quickly and easily the conditions of propagation that will be encountered in a 
given situation. As there are no simple formulae defining the behaviour of the 
functions “, X, R and yw, in which he is interested, we must resort to a graphical 
representation that covers the ranges of the physical variables involved. With this 
available, it should be possible to trace with some confidence their behaviour under 
any particular set of conditions. 

Owing to the multiplicity of independent parameters, the complete graphical 
picture necessarily requires a large number of figures. This can be reduced by the 
fortunate circumstance that in virtually all the cases of interest that have arisen 
so far—propagation in the ionosphere, the solar atmosphere and in interstellar 
space—the parameter z<1, leaving only the dependence on the parameters x, y 
and @ to be considered. 

The case z = 0 may therefore be regarded as a first approximation to the actual 
conditions. It is then well known that the solutions of (1.2) in g? have in general 
three zeros and one infinity if / = 0 or three infinities if 140. In this paper these 
are made the bases of particular approximate solutions for the case z <1. 

From here we are led to investigate the other approximate solutions that can 
be derived from the elementary theory of the quadratic equation 


aX4+ bX +c=0 (1.9) 


for small and large values of the parameters a, b, c. These include formulae which 
are generally applicable except for a single condition that either y < 1, y > 1, or 
z2> 1. 3 

Following Darwin [9], [10] we have taken / = 0 in the final instance, but 
many of the formulae obtained are valid for any value of 1. 


1.4. In addition to the equations (1.2) we shall use the equivalent, but perhaps 
more significant, relation obtained in a recent paper (WESTFOLD [11]) 


K? {4 (K,+K,) sin?6+K, cos? 0}— K{K,K,sin?0+4(K,+K,) K,(1+cos?0)}+K,K,K,=0 


where K =q? = M +N has been termed the associated complex dielectric constant 
of the wave in the medium. It was shown that K,, K, and K, were the principal 
complex dielectric constants of the anisotropic magneto-ionic medium and that 
the components of # with respect to a rectangular co-ordinate system, O02,%%3, 
such that 


n = (sin @ cos ¢, sin @ sin ¢, cos @) (1.11) 
were in the proportions given by 


oh One SL eee Ey ‘ie 
K(K-K,)e"? cososing K(K-K,)e?coso@sing 2K*%cos?9@—K(K,+K,)(1+cos?@)+2K,K, 








The equation (1.10) yields the longitudinal and transverse solutions (1.7) and 
(1.8), for sin?@ = 0 and 1, if we use the relation 


(1.13) 
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1.5. The graphical representation of the propagation characteristics under the 
restriction z =0 or z <1 can be arranged in several ways. We have chosen to 
depict the transition from longitudinal to transverse conditions of propagation as 
three series in 6. Taking / = 0, the real and imaginary parts of K, q and Q are 
plotted against 2, for three values of y that exemplify the two possible types of 
series (y < 1, y > 1) and the transitional case (y = 1). 

The functions which naturally arise in the theory are K and Q. Their repre- 
sentative curves are simply sketched through the few points given by the approxi- 
mate solutions of (1.2) and (1.10), being guided by considerations of continuity and 
an accurate knowledge of the longitudinal and transverse cases (1.7) and (1.8). 

The principal features of the K(x) curves for z =0 are the zeros at 2= 1, 
2 = 1 Fy, and the infinity at « = (1 — y?) /(1 —y?cos?@), and these are only slightly 
modified in the M(x) curves when z <1. As two of these values are sometimes 
negative, the transition from longitudinal to transverse conditions cannot be traced 
satisfactorily if x is restricted to the physical range, x>0. The ranges considered, 

r<a<0,0<y< a, 0° <@< 180°, enable a complete mathematical picture of 
the functions K and @ to be presented. The curves depicting the physically 
interesting functions ~ and X are best derived from the corresponding M(x), N(x) 
curves. They are confined to the range x >0. 

1.6. The method of attacking the equations (1.2) and (1.10) is described in 
subsection 2.1 and the particular approximate formulae derived are listed in 
subsection 2.2. The two values of K and Q obtained in every case are ascribed to 
the appropriate branches of the K(x) and Q(x) curves. 

The transition of the curves from transverse to longitudinal propagation, 


neglecting collisions, is described in subsection 3.1, and the modifications due to 
collisions in subsection 3.2. 
Applications of the theory to radiation from the sun are discussed in Section 4. 


2. SOME APPROXIMATE FORMULAE FOR THE ASSOCIATED DIELECTRIC CONSTANT 
AND THE POLARIZATION 

2.1. Discussion of the General Formulae—For the determination of K and Q we have 

a choice between the formulae (1.2) or (1.10) to (1.12). From (1.11) and (1.12) 

it is a simple matter to obtain for Q as defined by (1.4) 

| ae 


0 =icos 6 z+ K, : | gue a (2.1) 


The solutions we shall obtain correspond to those of the general quadratic 

(1.9) when: 
(i) a,b are finite and c is small; 

(ii) @is small and 6 and ¢ are finite; 
(iii) the discriminant b? —4ac = 0; 
(iv) 6 is large and a and ¢ are finite; 
(v) 6 is small and a and ¢ are finite. 

We shall apply the cases (i), (ii) to (1.10) and (iii), (iv), (v) to (1.2). Finally 
we shall consider both quadratics (1.2) and (1.10) in the limit as x > 0. 

It is clear from the formulae of Section 1 that the effect of collisions is to make 
the functions, K,, K,, Kz, and hence K, complex by the introduction of the 
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imaginary parameter iz. When collisional effects are negligible these are real and 
we have zeros for K where in the corresponding equation (1.10) the coefficient 
c=0, and infinities where a=0, that is, where 


K,K,K,=0 ~~ and 3(K,+ K,) sin?6+ K, cos? 6=0 


Under these circumstances, 
K,=0 where x = (1 — y)/(1—l) 
K, = 0 where x =(1+~y)/(1—1) 
K,= 0 where x= 1/(1—1) 
and . 4 (K, + K,) sin? 6+ K, cos? 6=0 | 
where (1 + lx)? (1 —1) —(1 + Ix)? — (1 + Ix)y? (cos? 6 — 1) + y? cos? 6=0 


Thus in general K(x) has three zeros and three infinities. However, if /=0, the 
number of infinities reduces to one, where a =(1— y?)/(1— y? cos?@). 

The reason for the restriction that z should be small is now clear; where the 
relations on the right side of (2.2) hold, the functions on the left are now of magni- 
tude O(z) instead of zero, and approximate binomial expansions can be obtained 
for K to replace the exact formulae where z=0. The extent of the expansions 
we make is sufficient to yield first approximations to mw, X and Q. 


Case (t)—For small c, the solution of (1.9) is 
b 


a 


As +; +0(c?) 


or —;+0(c) 


corresponding to 
Ka BiKasin? +4 (Ki +Ky)K(1+ cos?) KKK, 
3(K, + K,) sin? 9 + K, cos* 6 KK, sin? 6+ 43 (K, + K,) K, (1+ cos? 6) 
eee e K,K,K, 
K,K, sin? 9 + 3 (K, + K,) Kg (1 + cos? 6) 





+ O(z?) 


Where a= (1 = y)/(1-l), K,K,=O(z) and (2.4) reduces to 
+ cos? @) + K,sin? 6 


+ K,) sin? 9 + K,cos?90 1+c¢ 


ee 


1 + cos? ¢ 


by (1.13). From (2.1), remembering the relation (1.6), we obtain the corresponding 
values of Q 


(2.6) 


Where « = 1/(1-l), K,;=O(z), giving 


; . , \ K, (1+ cos? 6) + K, sin? 6 K 
—— 1 3 5 oy = 
K=4(4, + 4s) Fg + Kant 64K, costo — aint g + OC?) | 
K, 


sin? @ 


+ O (2?) 
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__ y sin? @ 
@ As 2 COS 60 +O(z) 


(2.8) 


z cos @ 
or —— + O(z3) 
y sin* 6 


which is best obtained from (1.2) (see Case (iv) below). The relations (2.7) and 
(2.8) are not valid when y sin?@=O(z). We shall deal with this under Case (v). 


Case (ii) —For small a, the solution of (1.9) is 


(2.9) 


or 


identical with (2.3), except that the terms neglected are O(z) instead of O(z’). 
From (2.1) we find, corresponding to (2.4) 
; K, — £5. 
Qg= 308 : - Zz 
O = $60 ORF K, + O(z) 
; ae 


ue Ke, iy 


+ O(z) | 


or 
where x is determined by the cubic of (2.2). 
Case (iii)—The discriminant in (1.2) is zero where G?=-—1, that is where 
both 2 = 1/(1—1) and |g| = z, whence 
ee 
O= aoa (2.11) 
2 , z+ ylcos 6| 
an = oo wit Beate UE 912 
d K Ta l) +24 (z+ y]| cos |) ( 
for both roots. 

The exact formulae (2.11) and (2.12) are the critical values of Q and K, marking 
the transition between the QT and QL values as the parameters are varied. Pro- 
pagation is QT where |g| > z and QL where |g| < z, that is where 7f;sin? 6 = v |cos 6]. 

Case (iv)—For G large, the solution of (1.2) is 

Q =21G+0(G)_ | 
1/2iG + O(G~%) | 


x 
+iz+la—2yG cos6 (1+ } G-? + 0 (G@-4)) 


¥. 
Peer Ome rar A Pe OE 
l+iz+ilx+y cos 6/24 (1+ 0(G?)) 


Particular circumstances where G is large are where x2 = 1/(1 —l), z is small 
and g =0(1),and where g is large; g is large when y is large and sin 9 = O(1) and when 
cos 6 is small and y=O(1). 


Case (v)—For G small, the solution of (1.2) is 


Q= +1+14 + O(G) 
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r x 
and BaD 1+iz+lx $y cos 6—y G cos 6 (1 + O(G)) (3-46) 

Particular circumstances where @ is small are where x is large, and where 
g is small and 1 + tz + lxe—x=O(1); g is small when y is small and cos 6 = O (1), 
and when sin @ is small. 

The last case we consider, where x->0, is applicable to a wave leaving a 
magneto-ionic medium with a density gradient decreasing gradually to zero. Now 
the parameters x and z are such that raf2ocN,, the electron density, and 
zo voc No», an average density of the other particles of the medium. In any state 
of ionization there is a definite ratio between NV, and V, so that as a0, z/x tends 
to a finite limit which is very small for all frequencies up to the infra-red, in the 
ionosphere, solar atmosphere and in interstellar space. 


Then in the limit as a0, (1.2) gives 
Q=i{gF J+ 9")} (2.17) 
For K, it is more illuminating to proceed from (1.10). In the limit as r>0 


(1, provided y # 1 


and 1 ! 


2K, 


Ob em <a 
K, sin? 9+ 1+ cos? 9 


corresponding to (2.17). 
2.17 


The formula (2.17) was first obtained by BakeR and GREEN [12] and again 
by Martyn [8]. Ratcuirre [5] apparently obtains the same result neglecting 
collisions but asserts that collisions have the effect of making the limiting polariza- 
tions circular. M. Taytor [3], [4] states that they are always circular. 


2.2. Particular approximate formulae—An obvious consequence of the quadratic 
conditions on K and Q is that for specified values of the parameters x, y, z and 6 
there are only two. possible waves. To these APPLETON [2] assigned the terms 
‘“ ordinary ” and “extraordinary ’’, corresponding to the alternative signs before 
the radical in the formula (1.2) for g? after substituting the solutions for QY. The 
sign which gave q? = q3, the LORENTz formula valid in the absence of the magnetic 
field H,, for transverse propagation he assigned to the “ordinary ”’ wave. This 
specification, though unambiguous, is not particularly appropriate to QL propa- 
gation, where the K(a) curve for each wave would consist of portions of the two 
branches, separated at x = 1, as demonstrated in Figure 2 which shows the branches, 
K,(x), K,(x), for longitudinal propagation, and the branches, K,(x), K,4(x), for 
transverse propagation when z=0. It is evidently more appropriate to choose a 
nomenclature in which each of the two terms specifies unambiguously one of the 
two branches of the K(x) curve. We shall define the wave « such that, between 
x=0 and «=1-—y, the K(x) branch has the relative position of K,(2) for trans- 
verse propagation (Figure 2); the other branch belongs to the wave /. The waves 
a and # are identical with BooKker’s waves | and 2[1]. For QT propagation they 
are identical with APPLETON’s ordinary and extraordinary waves. In this subsection 
we shall ascribe the particular values of K and Q we obtain to the waves « and /. 
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In Cases (i) and (ii) the formulae (2.5), (2.7) and (2.10) do not reduce to very 
simple expressions in x, y and @ unless we particularize to the probable value / = 0. 
It is convenient to quote the results in terms of the real and imaginary parts of 
K=M+iN. In the remaining cases the form of the result quoted varies, as z 
is not usually the significant small parameter. 


Kk 


Fig. 2—The branches of the K(a) 
curve for longitudinal and trans- 
verse propagation (z=0). 














Case (i) (1 =0)—Where x =1—y and z is small 
y {i+ cos*@) . > 2 | a 2 
1 +y cos? 6 + O(z ) M 2=O(z ) 
22 l 


1 + 2 cos? 6 — cos* 6 L— 47 y 
‘ Ole?) Ne= Ba Sate 
+ O(2") N p 1 + cos*@ 1—y 


1 + cos? @ (1+ y cos? 6)? 
Y,= —iticos 6+ O(z) Vp = i/cos 6 + O(z) 
The result for Ay is not valid if y=1; however, this is the final case, x =0, to 
be considered. 


Where x=1+y, z is small and propagation is QT (|g|>z) 


y (1+cos? ¢ 9 2 
wes. is O (2°) M 2 =O0(2") 


| y Cos? 6 


1+ 2 cos? 6 — cos! 6 = 22 1 
5 on t+ =, * sa. + O(z3) ? 
1 + cos? 6 (1 y cos* @)* i + eos*@ 1 4 


t 


¢. = COS 6+0(z) Q;= — i/cos 6 +O(z) 


The result for Kz is not valid if y cos?@=1; here, however, 
1+y=(1 —y?*)/(1 —y? cos?) and Kz has a large value to be investigated in Case (ii). 
For QL propagation (|g|<z) the subscripts «, # in (2.21) must be interchanged. 


Where 2 =1, z is small and propagation is QT 
M ,, =O (2?) Mp=1+0(z*) 


2 ee Se 
Po y?sin?@ 


+ O(z3) N +0 


sin? @ | 


z cos 6 
Q. = ‘+ 0 (23) Q,= 


~ ysin? @ 


y sin? 6 


z cos 6 
QL propagation will be considered in Case (v). 
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Case (ii) (1=0)—Where x = (1 —y?)/(1—y? cos?@), z is small and propagation 
is QT, the best approximation we have obtained is 
y? (1—y? cos* 9) 
M ,, = —— re) a + O(z?) Mz =O(1) 


y* (1 y ) si oe Js a yf cos? ee 








2 (1-¥? 
= —iycosé+O0(z) Q,=i/y cos 0 + O(z) 
for y?cos*0 <1; for y?cos?@>1 the subscripts «, # must be interchanged. QL pro- 
pagation will be considered in Case (v). 
Case (iii)—Where x=1/(1—l) and |g|=z is small, (2.12) yields different 
approximations according as y =O(1) with sin’?é=O(z) or y=O(z) with sin #@=O(1). 


In the former case 


is ipl ae 
K wig @ ag +e) 


(2.25) 


Case (iv)—Where «=1/(1—1), z is small, g=O(1) and propagation is QT, 
(2.14) gives 


, _ tie(l- — 
Ky = sin? 9 2 +0¢ *) Kg=1+ qa wrest OM *) (2.26) 


a 0 y sin? @ 
re ee 
agreeing with (2.22). We shall consider QL propagation in Case (v). 
When y is large, 1+iz+/lx—x=O(1) and sin@d=O(1), propagation is QT and 
y ge, propag 


a(l+iztle- vr) = 
+ 0(y) | 
y? sin? @ (2.27) 


x sin? 6 = 
eg 1+iz+lx — xcos? 6 + Oly ) 


zy sin? 6/cos 6 


ie + wzwtle—s4 lh : * 
~ dy sin? 6/cos 6 +0 ) 2 = aay ee + O(y~) 


When cos@ is small, 1+7z+l~a—x=O(1) and y=O(1), propagation is again 
QT and 


———- +O(cos*™) K,=1—- —— - + O(cos*6) | 


~ [+iz+la—2 cos? @ {1 +iz+le—y?/(1+iz+lz—2)!sin?69 +x cos? 6 | (2.28) 


We iy izt+le—=z 3 ayleos 6 | me 
—e Cre Wr izare ee 


tending to the transverse values (1.8) as cos6+0. 
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Case (v)—Where zx is large positive, g =O(1) and propagation is QT 
1+%z—y |eos 6| s - . l+ec 208 
: 2 - }cO 0| + O(a-?) Kz= 1 to : 4. ] d BE Liat +0O(a- 
= fz 


=i 84 4 (ey Op = — EE + 0(r) 


cos @ cos 6 
provided 140; if 1=0 


x= — > +0(1) 


=~ 1 +1iz—y |cos 6| 


& 
1+iz+y|cos 6| © 


-|Ccos 6] .|cos | 


+ O(a) Qr,x=-i +0(a-) 


as 
La cos 6 “a cos 7 
For QL propagation the subscripts must be interchanged. 


Where x is large negative and g=O(1) the formulae are the same as (2.29) 
and (2.30) with the subscripts interchanged, irrespective of the type of propagation. 
If x >z>1, (2.29) reduces to 


‘ leos 6] e O(a) ees ; |cos 6| +0(x-}) 


cos @ cos @ 


and (2.30) to 
= Ky ; ‘ ibs O(1 ae a) 
. (2.32) 


Q, 4 icos 6| | O(a) Q; oe |cos 6| + O(a7}) | 


cos @ cos @ 
Both waves are propagated under the same conditions which are, to the first 
order, independent of H,. 


When y is small, 1+iz+lx —x =O(1), cos@ =O(1) and propagation is QL 


f ne x sis 2 See: ee ce ~ f 
he Sos y |cos 6| | oe) ag 1+iz+lx—y |cos 6| i (2.33) 
|CcOS @ 


0, =-1 cos @ + O(y) V2= 0 — A +O(y) ] 


cos 6 
For QT propagation the subscripts must be interchanged where x > 1/(1—1). 
When sin @ is small, 1+7z+la —x =O(1) and propagation is QL 


Goel = xr = = 2 . a att eee eee eho +9 
KR) 72555, Oe Kz=1 iFetieay + Olein® 6) | 


- (2.34) 


cos 0 


Q0.= -1 = ; + 0O(sin? @) V2= j loos . + O(sin® 6) 


tending to the longitudinal values (1.7) as sind-+0. For QT propagation the sub- 
scripts must again be interchanged where x > 1/(1 —l). 


Finally, in the limit as x0, if y#1 
K,=Kz =1 
Q =t{g—VJ(1+9°)} Qp=t{9 +,/(1 + g?)} 
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= Kp= ats +0 (=) 


— sin? 6/2 1 
Qa=t{g—V(1+9*)} O,=tg+ V(l+9")} 
provided 1/40; if 1=0 
= ]} Kp = 


| —12/2 
iss a) ee se need (2.37) 
Q.=tig-V(1+9")} Vp =ifg+V(l+9")} | 
As well as containing the useful general formulae for z small where z>0, x= 1, 
x=lFy, x=(1—y?)/(1—y?cos?0) and where 2 is large, the above list probably 
exhausts the principal extreme cases of interest in applications of the magneto- 


ionic theory. 


3. Dispersion, ABSORPTION AND POLARIZATION CuRVES (/=0) 


The results of the last Section, coupled with the detailed knowledge of the trans- 
verse and longitudinal cases, enables us to follow the transition of the K(a) and 
Q(x) curves through intermediate values of # for any values of y, provided z is small. 

For longitudinal propagation, Kxz=K,, Kg=K,, so that 
(1 *_ +0(2%) if y #1 


M, = ] ate x + O(z?) Mp rey l—y 
Y (4 if y=1 


22x 


Na = aye t OF?) 





gees |cos 6} 
Qa fs a Vp = cos @ 


cos @ 


while for transverse propagation, Ka=K,, Kg=K,, so that 
M,=1-—x+0(2?) Mp =- (bsp 


if c#1—y? 


if x=1—y7? | 


The amplitudes of the complex values Qz, Ys, in (3.2) may be obtained from (2.28) 
by proceeding to the limit as cos 00. The principal formulae we use for x0, 
x=1F¥y, 1, (l—y?)/(l—y*cos?@), and x large, are (2.35) and (2.37), (2.20), (2.21), 
(2.22) and (2.24), (2.23) and (2.30), respectively. 


Having sketched a series in 0 of M(x), N(x) curves for some value of y, it is 
quite simple to derive corresponding series of s(x), (2) curves, using the relations 


M=p?-X? ) 


N =2yx (3.3) 
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These are the curves required for practical applications. It is better to proceed 
to them through the intermediate step of sketching the M(x) and N(x) curves 
which remain relatively smooth while, for small z, the ~(~) and X(«#) curves bend 
quite sharply where has a zero. 

In most of the formulae that have been derived in Section 2, the principal part 
of Q@ has been either pure-imaginary or real. In both these cases there is a con- 
sequent simplification of the formulae (1.5) for R and yy which describe the polari- 
zation ellipse. 

In the former case, @=iV and 

ee LS oe ee Baily}; 

, if |V|>1 if |V\<1 (3.4) 

tan y=) tan y=0) 

The polarization is elliptical such that the ratio of the axes is | V |, with the major 
axis perpendicular to the projection of Hy if | V|>1, and parallel to this direction 
if |V|<1; the sense of description of the ellipse is RH if V>0 and LH if V <0. 


In the latter case, Q=U and 


R=o ) 
tan y=U ) 


The polarization is linear with the electric vector in the plane of polarization 
inclined at an angle artanl’ with the projection of Hp. 


3.1. Collisions Neglected—If collisional effects are so small that z is negligible, it 
is clear from (1.2) that Q is always pure-imaginary and K always real, so that 
U=Nz=0. Then where at x=1, 1 Fy, K was O(z), we now have zeros, and where 
at #a=(1—y?)/(l—y*cos?@), K was O(z-1), an infinity. The critical values of 0, 
where |g| =z, now occur at the limit sin 6=0 as z+0. Propagation is therefore 
QL only at the longitudinal values 6=0° and 6=180°. The values of y chosen 
are y=}, 1, 2; y=} is typical of f>fy, y=2 of f< fy, and y=1 marks the transi- 
tion where f=f,. The curves A(x) and V(x) are drawn, for typical values of 4, in 
Figures 5.0, 6.0, 7.0, and 5.3, 6.3, 7.3, according to the scheme: 


— 





6-3 

The K(x) curves are drawn only for 0°<4< 90° since those for 180°—@ are the 
same as those for #, while the polarizations are equal in magnitude but opposite 
in sign. The transition from transverse to longitudinal propagation has been 
described by Ratciirre [5], incompletely in so far as he restricted -himself to 
positive values of x. From 6=90° to 6+0° the K(x) curves are QT, Kz having 
a zero at x=1 and Kg.two zeros at r=1 Fy. For y<1, the infinity starting at 
x=1-—y*, between x=0 and x=1, belongs to Kz; as 6 decreases from 90°, it 
moves steadily in the direction of increasing x until as 6+0° it has reached x=1: 
at 9=0° there is an abrupt transition to the longitudinal case with no infinity, and 
a zero belonging to Kg at x=1—y and one to Kg at x=1+y. For y>1, the 
infinity starts at the negative value x=1—y? where it belongs to Kp: as 6 
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decreases to a value such that ycos?=1 (for y=2 the value is 9=60°), it moves 
steadily out to x= —oo; as @ is further reduced it comes in from x= +0 where 
it now belongs to Ka, steadily approaching x=1 as #-+0°; at 6=0° it disappears 
in an abrupt transition and the zeros are as for y<1. For y=1, there is no 
longer a zero belonging to Ag at x=1—y, nor an infinity until 60°, when both 
Kz and Kg are infinite at x=1; at 0=0° there is an abrupt transition with the 
K g(x) curve infinite throughout, the zero at x=1-+y now belonging to Kx. 


The polarizations of both waves, as depicted by the V(x) curves, are always 
of opposite senses and the sense of each is altered as @ passes through 90°. At 
§=90° they are both linear throughout the ranges of x and y, with the wave « 
polarized parallel to the projection of Hj and the wave / polarized in the perpen- 
dicular direction. As longitudinal propagation is approached the degenerate 
ellipses broaden out to circles as sin (+0, except at x=1 where they remain 
degenerate; when sin?=0 there is an abrupt transition to the longitudinal case 
where both waves are circularly polarized throughout the range of xz In QT 
conditions, for large positive 2 both polarizations are in general circular, flattening 
out to degeneracy at «=1, after which they again broaden out to ellipses described 
in the opposite sense, becoming circular again for large negative 2. 


We have not drawn the corresponding curves for ~ and y. They are easily 
obtained from the A(x) curves using (3.3). The result is 


= VK) 


X=0 | if K>0 


while a=0 cle 
ae? if K <0 | 


It follows that if K>0 the wave travels with phase velocity c/K without 
attenuation, while if K <0, it travels with infinite phase velocity and is attenuated 
by a factor exp (—27,/— K) in one free-space wavelength of its path. The character- 
istics of propagation are similar to those of a wave whose frequency is above or 
below the cut-off frequency of a wave guide with perfectly conducting walls in 
which it is travelling; in the latter case it is evanescent. 


3.2. Effect of Collisions—Mathematically, the effect of collisions is to introduce 
the imaginary parameter iz into the real formulae for K and iQ, so that for small z 
they now have a relatively small imaginary part. More specifically, where AK and 
Q, as functions of x, had zeros they are now O(z), and where they were infinite they 
are now O(z~!). The resulting M(x) and V(x) curves are much the same as the 
previous K(x), V(x) curves for QT propagation; where they were infinite at 
x= (l1—y?)/(l—y*?cos?@) and x=1, the branches on both sides of the vertical 
asymptote now join in the finite part of the plane, within a neighbourhood of extent 
O(z) about this value of x, in the usual manner of dispersion curves when frictional 
effects are present; the infinity has been transformed to a large value O(z~!) in NV. 
For y=} and y=2 this is shown in Figures 5.la, 5.1b, and 7.la, 7.1b; for y=1 the 
longitudinal infinity for Ky has been likewise transformed to a large value x/z 
in Nz as is shown in Figures 6.la and 6.1b. 


The transition to QL propagation takes place through the critical values 
9=0,=O(z) and 6=180°—86,, so that for y= O(1) the QL range of @ is very small 
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and K and Q have the values (2.34)'. The critical values are given by (2.24). In the 
QL range of 6 there is no longer a large value of N in (2.23) since sin? 0=O(z). A 
new approximation to K for w hich 1—2 Petal O(z) yields a result in agreement 
with (2.23) for QT propagation, where | g|>2z, while for QL propagation the result 
is in agreement with (2.34). The teinclliaies in the case y=1 is rather violent; 
the curves for /=0, and 6=180°—46, are obtained from (2.16) giving K g=O(2/z), 
save for the particular value (2.24) atxa=1. 

Except where it attains large values as just described, NV = O(z), and accordingly 
the unit in the curves of Figures 5.1b and 7.1b is taken as z and in Figure 6.1b, 
z/x; for the exceptional values we have adopted the value z= 1/100, or, as in Figures 
6.la and 6.1b for 6=6,, the more appropriate unit 2/z. 

It does not seem necessary to sketch a fresh set of Q(x) curves. Apart from 
the reduction of the infinity, the V(x) curves are unchanged except for 6=6,, and 
iV is in general the principal part of Q. 

The corresponding curves for ~ and x may be derived from the M, N curves 
using (3.3). Physically, we are concerned with only positive values of ~ as we 
have specified that the wave is travelling in the direction of n; moreover there is 
no further point in considering negative values of x now that the mathematical 
behaviour of the primary functions M and N has been traced satisfactorily. For 


r>0 we always have N>O so that y>0. Then the particular formulae used in 


this Section may be classified under one of the following cases: 
I M=O(1)+0O(z2)>0 N=O(z)+O0(z)>0 
. M=0( 
Il. M=O(1)+ 
IV. M=0(1) 
(3. 


) N=O(z)+0(2 
O(z2) <0 = <— +0(2)>0 
O(z) + 0(z)>0 
The corresponding solutions of (3.3) are: 
I. “w= /M+0 (2?) x = N/(2,/M) + O(2°) 
IT. w=,(N/2)+0(z9?) xX =4/(N/2) + O(z3?2) 
Il. w=N/(2/—-M)+O0(2) y= /—-M+ O(2*) 
IV. w=,(N/2)+0(z1?) x =,/(N/2) + O(z"?) 


The Argand representations of K and q are illustrated in Figure 3. 


7 4 

















16 
«<<F 
0 0 0 
Case Case IT Cose I CaseW 
Fig. 3—Argand representation of K and q. 

' The difference between the formulae for K » in (2.34) or (1.7) when 1=0 and 1 # 0 should provide an 
experimental means of determining the value of the LoRENTz term, J. Under these circumstances the 
wave f, of frequency f=fy, is travelling in the direction of the magnetic field H, in the medium. 
Then if /=0, pp: =X 8 =/(z/2z), a large value; propagation is similar to that of a wave travelling in 
a medium of high conductivity. If 140, HM g= (2/2Px) /(1[t— 1), X g=v(1/l—1)5 propagation is similar 
to that of a wave whose frequency is above the cut-off frequency of a wave guide along which it is travelling. 

A particular consequence is that for reflection of such a wave f in free space at an interface with 
such a medium, the reflection coefficient is in both cases unity, but the change of phase is zero if 
1=0, and 2 artan 4/(1/l—1) if 140. 

Other experime ntal tests have been discussed by Mirra [13]. 


166 





The interpretation of the magneto-ionic theory 


It is difficult to sketch independently the s(x), x(a) curves through these isolated 
points, because of the sharp bending previously mentioned. However, inter- 
mediate points may be obtained from the reliable M(x), N(x) curves already sketched. 
Where M and WN are of similar magnitudes it is probably simplest to derive the 
corresponding values of # and x by using the device of conformal representation 
used to good effect by Battey [6]. We represent the orthogonal families of 
curves, ““=constant, y=constant, on the K-plane. Writing 


K=pe'?, 0<d<a 
ae ted (3.8) 
we have ju=,/p cost =p sintd 
covering all values of # and y. The curves are half-parabolas with foci at K =0, 
depicted in Figure 4. 
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Fig. 4—Curves for finding w and X from M and N. 


Then for any point +N on the K-plane the corresponding values of ~ and y 
may be read off. The final curves are shown in Figures 5.2a, b, 6.2a, b and 7.2a, b, 
where we have taken z=1/100. The complete scheme of the curves drawn may be 


given in the form: 





“Isl -J +1 +1 


== 0) 


Where previously the wave travelled without attenuation a small amount 
of electromagnetic energy is absorbed by the medium, since now the absorption 
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coefficient k= yp/c=O(z); where the phase velocity was infinite it now has a large 
value corresponding to ~=O(z). Propagation is similar to that in a wave guide 
with walls of high, but not infinite conductivity. 


4. APPLICATIONS. Rapbio-FREQUENCY RADIATION FROM THE SUN 
4.1. It is worth while here repeating the remark made at the beginning of sub- 
section 2.2: at any point in a magneto-ionic medium there are only two monochromatic 
plane-wave solutions, determined by the local values of electron density, collision 
frequency and magnetic field intensity. However, one or both of these rays may 
suffer severe attenuation. 

Consideration of the (x), (x) curves indicates that the two conditions for 
relatively uninhibited propagation, viz w~=O(1) and y=O(z), generally occur 
together. Exceptions are in the neighbourhood of «= (1 — y?)/(1 — y*cos?6), y# 1, for 
QT propagation when “= y= Oz), and for QL propagation of the wave / for 
y=1 when w=O((x/z)*), y=O((a/z)*). The ranges of x for uninhibited propagation 
with z small may be set out thus : 


y <1 








0<a4<1l-y 
(1— y?)/(1—y*?cos? 6) <a<1l+y 


O<2<1i+y O0<a<l-y 








On7<— 3 


O0<2< 3 





{ O<x< ] 


O<xa<1+y 
la> (1— y?)/(1— y? cos?9) if y|cos4| >1 


QL 0<a2<l+y x>0 


Although strictly the magneto-ionic theory is applicable only to the case of a 
plane monochromatic electromagnetic wave travelling in a uniform infinite 
magneto-ionic medium, its original purpose was to describe the propagation of 
radio waves through the ionosphere, where, although the magnetic field is more 
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or less uniform over the region being considered, the electron density is by no 
means constant. 


Propagation in such a non-uniform medium has been treated by ray methods 
assuming that at any point in its trajectory the refractive index and absorption 
coefficient have the local values of a plane wave travelling in the same direction, 
and that refraction is determined by SNELL’s law, for which purpose the surfaces 
of constant refractive index are identified with the surfaces of constant electron 
density. The inconsistencies implicit in these assumptions have been discussed 
elsewhere (WEsTFOLD [11]). In a magneto-ionic medium surfaces of constant 
refractive index are not generally realizable, and an accurate ray theory must be 
derived from the partial differential equations determining the electromagnetic 
field. However, the concept is valid for propagation normal to the planes of strati- 
fication, when there is no deviation. Fortunately, these are the experimental 
conditions usually employed, viz vertical propagation of radio signals into the 
ionosphere. The techniques of and inferences from such studies are well described 
in a recent book by Mirra [13]. 


4.2. Assuming a general dipole magnetic field of the sun, propagation of radia- 
tion in the solar atmosphere, is far more difficult to investigate than in the case 
of the ionosphere. Even if the ionized atmosphere is regarded as being spherically 
symmetrical, the sun-earth trajectories in general intersect the surfaces of constant 
electron density obliquely, and over the significant part of any single trajectory 
the magnetic field is by no means uniform. 


However, regions of uninhibited propagation can still be determined from the 
limits given at the beginning of the Section. Lacking precise knowledge of the 


trajectories we can say little more than that those accessible to the earth lie outside 
the spherical surfaces x=1 for radiation of type « and x=1—y for radiation of 
type # under QT conditions, and x=1+y and x=1~—y under QL conditions. For 
any frequency, the distribution of the values of x and y is such that the surface 
«=1-—~y lies outside, and x=1+~y inside the surface x=1, even in the presence of 
sunspot fields, whose sole effect is to distort these surfaces. 


In this connection we should examine Sana’s [14], [15] conclusions on the condi- 
tions of escape of radiation from the sun. Owing to an error in setting down 
the wave equations for propagation in a magneto-ionic medium, pointed out by 
WESTFOLD [11], he finds that there are three distinct waves, or types of radiation, 
that should be considered. Instead of the two types a, /, limited as described 
above, he finds two “‘extraordinary”’ types uninhibited outside x=1—y, r=1+y, 
respectively, and one “ordinary” type uninhibited outside x=1. In general, 
radiation originating in the deeper layers will be within the barrier «= 1+ y, except 
near intense spot fields where the surface x=1+y is distorted towards the photo- 
sphere, permitting the appropriate “extraordinary ” radiation to escape. However, 
under QT conditions radiation of type / (“extraordinary ’’) originating near «= 1+y 
has still to traverse an inhibiting region between x = (1 — y)/(1 — y?cos?@) and «= 1—y 
before it can travel virtually uninhibited to earth. Under QL conditions this 
barrier is absent and radiation of type « (“‘ordinary’’) can now escape from above 
x=1+y and radiation of type # again from above x=1—y. Calculations show 
that with the poles of the general field situated practically on the disk and a polar 
surface intensity of about 50 gauss or less (see BaBcock [16], THTESSEN [17]), 
all but an insignificant proportion of the sun-earth rays in the outer non-deviating 
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regions are propagated under QT conditions. However, since non-thermal radia- 
tion appears to come from quite small areas on the disk, a local group of rays 
may experience QL conditions, for instance in the central meridian passage of a 
sunspot 

4.3. The difficulty of determining trajectories in the solar atmosphere is con- 
siderably reduced for high frequencies where y is small enough for the formulae 
(2.33) to be applicable. Taking /=0, these give 


"| COSF > 9 i awy|cosé| , ° 
xy|cosd 40(y? 128) | | ee _ ry|cosé| +0(y?+2?) a 


Mh =/ (1 —2) - - 
iil 2 (1—2x) haw 


, rie | 1 
Ae 1 — 2y|cos0| 


Zs TY | Ce S| 
24/(1—2) | BAL — 2) 


( r | 2 sé} 
1 + 2y|cosO| + - ; we 
X11. 


-!cosé - {cos 9} 
} | 


+O(y) QUp=t + O(Yy) 


cosé cos 0 


To a first approximation, the values of ~ and X are equal to the field-free 
LORENTZ values given by K;. We may write 
/ 


a ee oe é — ike 
fa = flg+ fl [hn =Ms— Ht 


Xg=X<¥. Kew 


where 


f xy|cosé 


/ 


\ 
— 2) 


/ q Ltn 
XV’ =X.) 2yleos6| (1+ 2 Oly? +22) > | 
2 2y |eo +2 | 


As a first approximation we may therefore take for both types of radiation the 
same trajectories as would occur in the absence of a magnetic field. In this case 
the spherical surfaces of constant electron density in the solar atmosphere are 
also surfaces of constant refractive index, so that SNELL’s law may be applied. 
Such trajectories from sun to earth have been calculated by JAEGER and WESTFOLD 
[18]. For rays a and /, the optical depths of a point distant s from the turning 
point of a trajectory may be written 

ts ; T3 be T’ ‘ 
Z ie (4.5) 
where, generally T 2] kds=4nf/e|_ Xds 


It follows from the solution of the equation of transfer of radiation under “‘ quiet ” 
conditions (SMERD and WestTFoLp [19]), that the emergent intensity of each ray! is 
(e em 
fo =f Ra) 


c2 
Ss ; (4.6) 
(é © poy 
— ad » 2 
Ip a9 Pep 
1In the paper cited the radiation considered is unpolarized. The conditions correspond to 


T, and J‘°) 1,') +12). 
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Pariied 
sa) | T cosh (7,4 —7,)47z 


+ 0 


TP 
a PP > a 1 2—Cs at 
=2 exp ( op) ]. T co h(7), Tg) AT» 


In these formulae k is BotrzMann’s constant, 7’ the kinetic temperature and 
Tox, Tog are the optical depths of the turning point of the trajectory. The polari- 
zations of each ray are determined by the limiting polarizations (2.35) on emergence. 
These results have been used by Smerp [20] in an analysis of the radiation received 
from the sun during the solar eclipse of November 1, 1948 in south-eastern Australia. 
From the change in the relative proportions of the two types of thermal radiation 
received during the eclipse he found that the surface intensity of a general dipole 
field could not be greater than 11 gauss at the poles. 


4.4. The effect of a general magnetic field on radiation from the ~ quiet”’ 
sun, has already been considered by Martyn [21], [22], without any restriction 
on the magnitude of y. He first dealt with the field-free case by applying two 
“criteria”: (i) that the equivalent (7.e., brightness) temperature 7’, of a ray is the 
electron kinetic temperature at optical depth unity along the trajectory, and (ii) that 
if the trajectory does not attain an optical depth of unity the equivalent temperature 
is the electron temperature at the turning point, reduced by a factor termed the 
“reflection coefficient’. The relevance of these criteria to the problem they 
purport to solve has already been discussed by SMERD [23] whose own treatment 
is based on the equation of transfer. Here we need only remark on the application 
of the magneto-ionic theory by which the general magnetic field is taken into 
account. 


It is asserted that most of the “ordinary” radiation is unaffected by its intro- 
duction so that only the ‘‘extraordinary”’ radiation requires further treatment. 
This suggests that approximate magneto-ionic formulae such as the nearly trans- 
verse formulae (2.28) were assumed. However, the two conditions quoted for 
reflection of the “ extraordinary ”’ ray are those belonging to both rays when propaga- 
tion is longitudinal. It would seem, therefore, that little reliance should be placed 
on the consequent theoretical predictions even if the basic criteria were acceptable. 
The actual circumstances are that @ differs considerably from the simplifying values 
0°, 90° and 180° over the great majority of trajectories so that no simple formulae 
are generally applicable, except those given above for y small. The variation 
of w and y along any curve into the solar atmosphere can be traced with the aid of 
the approximate formulae of subsection 2.2, but this is of little value unless the 
curve coincides with a ray trajectory. 


4.5. We have written down the formulae (2.31) and (2.32) for z large because 
of their connection with the hypothesis of Menzen and Sarispury [24] that radia- 
tion they have detected in the audio-frequency range 25-400 c/s originates from 
pulsating sunspot fields. If, as we suppose, /=0, (2.32) indicates that conditions 
of propagation in the chromosphere are metallic, so that such radiation is unlikely 
to escape from the solar atmosphere. However, for this very reason, their sugges- 
tion that such radiation may be responsible for the observed high excitation of 
solar prominences and the corona deserves serious consideration. 
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ABSTRACT 

The behaviour of the cosmic ray intensity during radio fade-outs has been investigated by super- 
imposing the data for 35 fade-outs occurring between 0900 and 1600 hrs G.M.T. It is found that there 
is, on the average, an increase of ~ 0°3°% in the intensity at the time of such a fade-out. The effect 
appears to depend on local time since fade-outs are not accompanied by any corresponding increase 
in cosmic ray intensity on the dark side of the earth. 


On four occasions during the last fourteen years the cosmic ray intensity measured 
at sea level and at mountain altitudes has shown short-lived large increases soon 
after the occurrence of especially intense solar flares. These increases in intensity. 
first reported by Berry and Hess [1] and by Lance and Forsusu [2] in 1942, 
have been observed at a number of stations and the magnitude of the increase 
has varied from 8° to 180°, for the ionizing component while on one occasion 
an. increase by a factor of 5-5 in the neutron intensity at sea level was recorded at 
Manchester [3]. Other interesting features of these increases are that they are 
observed on both the night and day sides of the earth, that they have not so far 
been observed at Huancayo on the geomagnetic equator and that there is a delay 
of up to an hour between the maximum of the flare intensity and the maximum 
cosmic ray intensity. 

Since smaller solar flares are not uncommon it seemed worth while to see whether 
such flares had any measurable effect on the cosmic ray intensity. Data on small 
Hares are not readily available but it is known that solar flares and short-lived 
radio fade-outs are closely connected (see for example DELLINGER [4| and NEwTon 
and Barton [5]) and for the purpose of this investigation the occurrence of a fade- 
out of the DELLINGER type was taken as indicating the presence of a flare. 


It was already known, of course, that the effect on the cosmic ray intensity of 
any single flare, other than those of especially great intensity. must be so small 
as to be masked by statistical fluctuations and in order to overcome this difficulty 
the CHREE “‘ superimposed epoch ”» method was adopted. The number of cosmic 
rays recorded in the hour during which the fade-out occurred was written down 
together with the numbers recorded during each of the preceding 6 hrs and 
succeeding 12 or more hrs. This procedure was followed for a total of 35 fade- 
outs, occurring between 0900 and 1600 hrs G.M.T., for which cosmic-ray intensity 
data were available and the average intensity was then found for each hour. 
Because of the method of selecting the data the diurnal variation produced a 
systematic change in the average intensity over the 19 hr period considered and 
a correction for this has been made by subtracting the known diurnal variation 
for this apparatus [6] suitably weighted for the distribution of the fade-outs in 
local time. 
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The final corrected data are shown in Figure 1. It. will be seen that the intensity 
remains very nearly constant during the 6 hrs preceding the fade-out but at the 
hour zero, during which the fade-out occurs, there is a sudden increase of ~0°3°%% 

which gradually dies away over 
| the next 10 hrs or so. 
| 
| 





Day(0900-16001)| 
4 In order to investigate the 
| effect of fade-outs on the cosmic 
| ray intensity on the night side of 
the earth a total of 69 fade-outs, 
occurring in the period 1600 to 
0900 hrs G.M.T., was selected 
4 a | from the ionospheric data for 
ery a ETE 1 Australia and the corresponding 
_ cosmic ray records for Manchester 
| were analysed in the manner des- 
|_4 BE Be a, ee Bh a ee cribed above. The results of this 
[tI ees, eee | analysis are also shown in the 
AP | diagram and it will be seen that 
SS a a ee oe thee date thee ae eee 
aae-out ciable increase in intensity at the 
time of the fade-out. The de- 
pendence of the effect on local 
time clearly differentiates it from the much larger world-wide effect discussed in 
the first paragraph and in this connection a similar analysis of cosmic ray data 
for Huancayo would be particularly valuable. 

The writers wish to acknowledge their debt to the Engineer-in-Chief Cable and 
Wireless and to the Commonwealth Astronomer and Dr. A. R. Hoaee of the 
Commonwealth Observatory, Australia, for the supply of the radio fade-out and 
ionospheric data which have been used in this investigation. 
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Fig. 1—-Cosmic ray intensity during radio fade-outs. 
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ABSTRACT 

A laboratory experiment is proposed, to throw light on the production of aurorae and magnetic storms, 
by the projection towards the earth, from the sun, of a large volume of neutral ionized gas, consisting 
mainly of atomic hydrogen. The change of scale in distance and time, in the model experiment, is 
discussed on the basis of the CHAPMAN-FERRARO theory. The experiment should reveal the changing 
form of the hollow formed in the gas, as it flows round the earth, and the associated auroral and magnetic 
effects : but not the increase of speed of the auroral particles by an electric field within the hollow. The 
predicted scale relations apply to the first phase of the storm, but it is hoped that the experiment will 
throw light also on the main phase. 


(1) BrrKELAND [1] was the first to conceive and execute a model experiment designed 
to elucidate the way in which aurorae and magnetic storms are produced, and to 
test his own hypotheses as to these phenomena. Believing the cause to consist of 
a stream of high-speed electrons from the sun, he simulated their action by projecting 
a stream of cathode rays towards a spherical magnet—his model of the earth. He 
found many interesting analogies with aurorae. Since then BricHe [2] and 
MALMFoRS [3] have made somewhat similar experiments, the latter in the laboratory 
of H. ALFVEN. 


(2) Theories of the production of aurorae and magnetic storms, if based, like that of 
BIRKELAND, On streams of solar particles of one sign only of electrical charge, cannot 
meet the criticism stressed by SCHUSTER [4] that the streams would be dispersed 
by mutual repulsion-on their way from the sun. FERRARO and I have developed an 
alternative theory [5] based on a solar stream of neutral ionized gas, as first suggested 
by LinDEMANN [6]. We have in the past considered the feasibility of illustrating 
this theory also by a model experiment, but only recently has it become clear to me 
that this may now be practicable. 


(3) The CHAPMAN—FERRARO theory aimed to be purely deductive—to calculate 
the results of the projection of a neutral ionized stream from the sun towards the 
earth, which is treated as a spherical magnet of radius a and of moment M. The 
stream consists of electrons and positive ions of charge +e and masses m,, m;, in 
equal numbers, namely V, per cm® near the earth but before being appreciably 
affected by its magnetic field. At this stage the electrons and ions move together 
with the same approximately uniform mean velocity v,, on which are superposed 
random peculiar motions, of mean speeds w,, u;, corresponding to a temperature 7’ 
relative to axes moving with the stream. In our calculations, we took v, to be 
perpendicular to the magnetic axis of the sphere, ignoring the daily rotation of the 
geomagnetic axis round the geographical axis, and the seasonal change in the presen- 
tation of the geomagnetic axis towards the sun. 


# Research Associate, California Institute of Technology, under Signal Corps Project No. 24-172B; 
on leave from the University of Oxford. 
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The ionic mass m; equals Am,, where A is the atomic weight and m, the mass 
for unit atomic weight (1-66 x 10-*4 g). The neutral ionized gas probably has much 
the same composition as the solar atmosphere; hence hydrogen will be its main 
constituent, in the form of ions (protons), for which A =1. 


The dipole moment M of the earth is 8 x 10°; it is expressible also in terms of 
the equatorial value H, of the magnetic intensity, or of the equivalent uniform 
intensity J of magnetization : 


H,=Mja?=401=0°3 


The following values are probably typical for a stream that will produce a 
moderate magnetic storm: 
N,=108, v, = 108 em/sec = 1000 km/sec, 7’ =5000° K, w; = 10% cm/sec =10 km/sec; so 
that u,/v, is about 1/100. 


(4) The calculations involved in such a deductive theory are very difficult, and 
our attempt has been only partially successful. We were forced to resort to the 
treatment of a number of simpler ideal problems whose solutions seemed to us to 
illustrate to some degree the actual much more complicated phenomena. For 
example, it became apparent that the ionized gas, being a good electrical conductor, 
could not freely flow onwards through the geomagnetic field; electric currents 
would be induced in its surface layers, shielding the interior of the gas from the 
magnetic field. These currents would be acted upon by the magnetic field, in such 
a way as to retard the advance of the stream into the field. As the conducting gas is 
of course non-rigid, its advancing surface will be distorted: as viewed relative to 
axes moving with the gas, the earth-dipole field will approach the stream surface 
(in the sunward direction) and carve a hollow in the stream. (The radius of cross 
section of the stream is supposed far greater than a, perhaps 1000 to 10 000 times 
as great, though the shape of the hollow, and the phenomena inside it, probably 
would be unaltered if this factor were no more than 50 or maybe even 25, depending 
on the density of the stream.) 

We have not been able to infer the changing shape and size of the hollow; but 
we estimated the rate of retardation of the surface of the stream at the point O 
which is moving towards the earth’s centre. By treating the surface of the stream 
as a rigid plane, the induced currents can be calculated, and also the reaction of the 
field on the surface current-bearing layer, per unit area, at any point. It is greatest 
at the point O; surrounding points, being less retarded, will advance beyond O, 
so that the surface becomes hollowed, surrounding the earth except on the side 
away from the sun; O is the “ vertex ’’ of the hollow. The changing form of the 
surface modifies the current system and the retardation, in a manner not accurately 
determined. 

Our calculations were expressed partly in a parametric form, here carried some- 
what further. The initial motions, which were all that we were able to attempt to 
estimate, were found to depend on a numerical parameter y (in the notation we 
adopted), defined by 

y=107N, Am,v,?/H,” 


0-Oo 


For A =1, N,=100, v, =10° cm/sec, with H =0-3, y=6x 10+ 


The proportionate reduction of the speed v of the vertex O of the hollow, that is, 
the numerical ratio v/v,, was (approximately) calculated as a function of the 


190 





Notes on aurorae and magnetic storms 


numerical ratio (Z) of the distance z of O from the earth’s centre C, to the earth’s 


radius a, that is, 
Z=z/a 


This was done for a series of values of y, namely y=6x 10”, for n= —8, —7, —6, 
—5, —4; the results for v/v, as a function of Z in these five cases are shown in the 
respective curves I to V of Figure 7 of our paper (Terr. Magn. 1931 36 184); curve V 
corresponds to the values above given for A, NV, and v, (y=6~x 10‘). 


So long as the reduction of speed is small (e.g. 1 >v/v, > 0-9) 
Ze 1/y 


so that a hundredfold increase of density V,, and therefore of y (if v, remains the 
same) only reduces Z in the ratio 0-45. For larger reductions of speed the results 
_ are less accurate, and give underestimates of Z; e.g. for v/v, =0-1, and y =6 x 10~, 
‘they give Z =3-2, but Z=5 may be nearer the truth. Thus when the vertex of the 
hollow of such a stream has reached the distance 5a from the earth’s centre C, the 
rate of advance of the vertex has been greatly slowed down. 
(5) In the earliest stage of the retardation, while the stream surface is still approxi- 
mately plane, and at a distance Za from C, the magnetic field produced outside the 
stream by the induced surface-current system can easily be calculated. On the 
reasonable assumption that the electrical conductivity of the stream suffices to 
shield the interior of the stream from the earth’s field, the external field of the 
induced currents is the same as that of an image dipole, parallel and similarly directed 
and equal to the earth dipole M, and situated at the image point relative to the 
stream surface, that is, at a distance 2Za from C. As long as Z is 10 or more, the 


distance 2Za is rather large compared with the earth’s diameter, and so the dis- 
turbing field AH near the earth will be nearly uniform, of magnitude M/8Z* a? or 
H,/8Z*, in the direction of the reversed moment —M, that is, at the equator, 
northwards. Thus the first effect of the approach of the stream is an increase of the 
horizontal force, such as is observed and: 


AH = H,|8Z°. 


This may not be a good approximation when Z becomes as small as 5 (for which 

it would give H —0-003 or 30 gammas*, such as is observed in a fairly weak magnetic 
storm); but the order of magnitude should not be badly wrong. 
(6) If the stream were unretarded, the time taken by O to traverse the interval 
between distances Z,a and Z,a from C would be (Z, — Z,)a/v,; this time is increased 
by the retardation. Figure 8 of our paper (Terr. Magn. 1931 36 185) shows, for the 
same five values of y as in Figure 7 (and calculated on the same approximate basis), 
the additional time At taken for O to attain to the distance Za from C. The time 
scale in this figure is given in minutes, but the divisions there labelled minutes are 
parametrically expressible as 9-4a/v, sec. For the above value of y this extra time, 
to Z =3-2 (the underestimated value of Z at which v/v, at O has been reduced to 0-1), 
is less than a minute. Thus the theoretical time scale of the sudden increase of 
horizontal magnetic force at the commencement of a magnetic storm is very rapid; 
At agrees roughly with the observations of the duration of rise for the initial impulse 
of a suddenly commencing magnetic storm. 


* The shielding effect of ionospheric currents induced by this change of field reduces the observed 
effect at the earth’s surface [7]. 
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(7) The surface of the hollow is charged, by the polarizing action of the geomagnetic 
field on the ionized gas moving through it: the CHAPMAN—FERRARO (very tentative) 
hypothesis as to the second, main, phase of a magnetic storm was that, at a few 
earth radii beyond the earth (as viewed from the sun), positive surface charges on 
the ““dawn” side of the hollow will leap across the gap and initiate a westward 
electric current flow round the earth; as this grows, its magnetic effect first reduces, 
and then reverses, the field change set up, in the initial phase, by the currents 
induced as the stream surface partly closes in around the earth’s field. 


D. F. Martyn* has suggested that the hollow in the stream closes in, on the 
side of the earth further from the sun, by hydrodynamic flow. This idea may prove 
to be a valuable contribution to the theory. 


Sufficiently far beyond the earth, where the magnetic field is very small, the 
hollow can close up by the free spread of the gas laterally across the gap, almost 
unimpeded by the magnetic field; it may be that the speed of flow will be of the 
order of the random ionic speed u,, itself roughly equivalent to the speed of sound 
in the gas. The electronic random speed wu, is about 40 times greater, but electrostatic 
attraction will prevent the electrons from substantially outrunning the ions. As u; 
is about 10 km/sec, and the radius of the gap behind the earth may be of order 10a, 
the time required would be about 2 hr. This is of the same order as the duration of 
the first phase of a moderate magnetic storm, and the agreement may not merely 
be a coincidence. 

It must be remembered that the gas thus spreading laterally to close the open 
end of the hollow is at the same time streaming onward at a speed of the order 
10° cm/sec, so that the end may first be closed at a great distance beyond the earth. 
There will be subsequent streaming at thermal speeds from this closed end towards 
the night side of the earth. As the near surface of the hollow contracts towards the 
earth, it will reach regions where the earth’s magnetic field exerts retarding electro- 
magnetic forces on the electric currents induced in the surface, such as at first were 
experienced only on the advancing surface while on the sunward side of the earth. 
It may be that the on-streaming gas will flow round the hollow from front to 
rear of the earth, and the piling up of the stream density around the vertex of the 
hollow may be less than Ferraro and I originally thought. 


According to the CHAPMAN—FERRARO theory, the greater the kinetic-energy 
density of the stream (or the greater the value of y), the more intense the storm; 
the distance of the vertex of the hollow from the earth (e.g. Z for v/v, =0-1) will 
be less, as also will be the whole size of the hollow; the initial impulse AH will be 
greater, and its speed of increase and the time taken to close the gap will be less. 
All this corresponds to the observed more rapid tempo of the sequence of change, 
the more intense the storm. 

Little progress, however, has been made towards a quantitative detailed inductive 
theory beyond the onset of the first phase. 

There is observational evidence suggesting that after the stream has ceased to 
flow towards the earth, the westward electric current set up during the main phase 
persists as a ring current round the earth, with a ring radius of a few earth radii. 
FERRARO and J have made some progress in considering the equilibrium and stability 
of this hypothetical ring current. 


* In a paper read to a conference on the ionosphere, at Pennsylvania State College, in July 1950. 
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(8) It may be that by analytical or computational methods the inductive theory 
begun by us can be carried far beyond the stage we have reached. Until such 
achievement is in sight, it seems worth while to examine whether a model experiment 
may be possible, that will reproduce the phenomena of an auroral and magnetic 
storm, truly or partially, on a scale much reduced in space and time. 
(9) The reduction of linear scale, being absolutely imperative, may be first considered. 
As the solar stream, when near the earth, may well be of 10° conical angle (or 5° 
conical radius), its cross section may have a radius of the order 2-5 x 10’ cm, or 
4000 earth radii. It may not be necessary to maintain this ratio so large in the 
experiment, but even a ratio of 25 implies a gas stream and a cylinder of diameter 
at least 50 cm, if the model sphere has 1 cm radius. Adopting this value for a’, 
the model-earth radius, the ratio of linear scale adopted is 

; lem ae ] 

6-37 10%em 6-4 x 108 


Other quantities associated with the model experiment will likewise be denoted by 
the corresponding symbols relating to the “‘ natural ”’ case, but accented. 


(10) Next consider the conditions necessary to ensure that in the experiment the 
non-dimensional parameter y shall have the same value as in the actual storm: 
because y governs the course of events, at least at the outset of the storm, and 
possibly in some respects throughout the storm. 

This requires that 

N’,A’ v2 H,? NIA’ v2 
N,A0,2H2 —! OU Naar 
This will be called the y condition. 

It seems necessary for experimental reasons that N,,’/N, should be large; 
taking 100 as a typical value of V,, unless Vj is very much larger, the “‘ vacuum ’ 
through which the stream of gas is to be impelled would have to be most incon- 
veniently “ high ”’. 

Another consideration relating to the stream density that may be worth bearing 
in mind is the ionic mean free path/. In the undisturbed solar stream, near the 
earth but before entering the earth’s field, / is very great compared with a; in 
fact, taking the crude formula / = 1/N,70?, where o denotes the ionic or electronic 
radius, we have |=10!8cm (for o?=2x 10-13, VN, =100). Thus also, taking the 
random ionic speed as 10° cm, the inter-ionic collision interval is of order a few 
hours; clearly when the stream has approached the earth and its density .V, has 
sunk to this low value, such collisions can have little importance, at least unless 
and until the stream density is increased by entry into the earth’s field; the same 
also applies to collisions between electrons and ions, which will be about 40 times as 
frequent. 

The “ natural ” ratio J/a is in this case 101°/6-4 x 108 or 16. To preserve this 
ratio in the experiment it is necessary that N//N,=a/a’, assuming (as is true) 
that o, depending, as it does, mainly on the Coulomb forces, will be the same in 
the model as in nature (the ions being singly-ionized in each case, even if A’# A). 
This would give Vj =6-4 x 10", and this will be the typical value hereafter con- 
sidered, though it would seem likely that a value tenfold greater might be permissible, 
without giving to collisions in the model experiment an importance effectively 
greater than they have in a real magnetic storm. 
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y condition will now be re-written as 


AviHi?  Av?I’? _ 
A’'v HA? A’ve? 


7) 


6:4 x 108 


The factor A/A’ can be varied from 1 to about 200, the extremes corresponding 
to a model beam of protons and electrons (A =1) or of mercury ions and electrons. 
The factor H//H, or I'/I can be varied over a very considerable range, at least 


from 0-01 to 10000. The factor v,/v,, however, must be chosen with some regard to 
the most desirable time scale in the model experiment. 


The duration of the first impulse in a suddenly commencing magnetic storm is 
of the order 10? sec, that of the first phase is of the order 10 sec, that of the whole 
storm is of the order 10° sec. It is convenient in the model experiment to reduce the 
time scale considerably, but not so that the duration of the first impulse becomes 
unobservable. A factor of reduction ranging from 10% to 10* seems appropriate. 
This requires that 
= -°= 10-* to 10-* 

av, 
or, if a/a’ =6-4 x 108, and v, = 108, 
64x; =103 to 104, v; =160 to 1600 cm/sec 
In the further considerations the time-reduction factor will be taken to be 104, 
giving v; =1600 cm/sec, to avoid excess of multiplicity in illustration. 

Thus the speed of the model neutral ionized stream is fairly slow. Its flow would 

have to be maintained for 10 to 20 sec, with the above time-reduction factor. 


/ 
oO 


Substituting 6-4 x 10 for v,/v,’ in the y condition, this reduces to 


Je “ae 
2 I? 644 
so that according as A’ is 200 or 1, H}/H, or I’/I is 5-6 or 0-4; hence as J =0-072, 
I’ would be 0-4 or 0-03. The 2 cm diameter model sphere would thus be quite weakly 
magnetized (see Addendum for revised proposals regarding the speed). 

It should of course be said that so far as regards the effects on the stream of gas, 
what matters is the dipole moment of the magnet representing the earth, inde- 
pendently of the size of the sphere, so long as this does not exceed the scaled-down 
value, or at least not by so much that it becomes comparable with and interferes 
with the surface of the hollow. Instead of a weakly magnetized sphere of 2 cm 
diameter, a smaller sphere with the same magnetic moment could be used; but 
there seems little advantage in making the change. 


(11) To sum up so far, the reduction of linear scale is taken to be from the radius 
of the earth to lem, and the reduction of time scale to be in the ratio 10-4, so that 
in the experiment the durations of the first impulse, the first phase, and the whole 
storm will be of order 10~*, 1 and 10sec. The stream of neutral ionized gas will be 
a cylinder of at least 20 cm radius, with a speed of 16 m/sec, and with a density of 
6-6 x 10'° ions (and also of electrons) per cc. It should pass into a vacuum of rather 
higher order, and should itself contain only a small proportion of recombined neutral 
atoms. 

The ionic mean free path will be about 160 cm, so that collisions and recombina- 
tions in the beam will be few. The collision interval, and the lateral expansion in 
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the chamber containing the spherical magnet, will depend on the temperature or 
random speed in the gas. It may be best to produce the neutral ionized stream by 
first forming a positive parallel beam of protons or other atomic ions, and then 
neutralizing it (without appreciable recombination) by adding electrons to it from 
some thermionic source, before passing it into the magnet chamber*. The degree 
of parallelism and equality of the ionic velocities will determine the ‘‘ temperature ” 
and random peculiar velocities of the ions relative to axes moving with the gas. 
If the random speeds wu’ bear the same ratio to v,’ as u does to v,, namely, 1/100, 
then uw’ =16 cm/sec. (This would correspond to a very low temperature; the random 
speeds need not have a Maxwellian distribution.) If this can be achieved, the 
expansion of the beam during its passage across the magnet chamber, that is (say) 
over a length of 1 m, taking 1/16 of a sec, will be only 1 cm, and therefore negligible. 
Hence wall effects would also be unimportant. 


(12) The next question is the detection of the results of the experiment. These 
results are mainly auroral, magnetic (on the model earth), and geometrical (the form 
of the hollow). 


According to the CHAPMAN—FERRARO theory the geomagnetic storm changes 
are produced partly outside the earth and partly in the ionosphere, the latter 
especially in the regions round the magnetic poles. The changes produced outside 
the earth are those that are most intense in low latitudes, namely, the increase of 
horizontal force in the first phase, and the larger decrease during the second phase. 
In the model experiment these should be detectable either by magnetic methods, or 
by the currents they will induce in a “ search coil ’’ wound round the equator of the 
model magnet; the latter should, in order to simulate the earth, be of low perme- 
ability—though if need were, the flux changes might be magnified by making the 
sphere more permeable. 


The initial field change (Section 5) in the model experiment is Hj/8Z’3; by 
keeping y the same in the model as in nature, the value of Z is preserved: Z' =Z. 
For the typical case here specially considered (V, = 100, A =1, v, = 108) the estimated 
value of Z was 5. Hence the initial increase in H,’ is 0-001 H,’. The suggested values 
of I’ in Section 10, for A’ =200, A’ =1, correspond to Hi = 1-7 or 0-12 gauss. Hence 
AH,’ =170 or 12 gammas. The flux through the equator of the model sphere of 
1 cm radius is 7AH,’, and if the change occurs uniformly in 10-2 sec, the rate of change 
of flux is 0°55 or 0-04 gauss cm?. Thus the voltage induced in a coil of » turns is 
5-5 x 10-*» or 4x 10-'n. Alternatively the change AH/ might be measured by a 
magnetic method (see Addendum). 


The reverse change during the subsequent main phase of the storm is about 
twice as great, but occurs much more slowly, so that its measurement by a magnetic 
method might be easier than by a flux method. 


If the model earth magnet consisted not of a magnetized sphere but of a small 
current circuit of the same dipole moment, the magnetic measurement of the field 
changes might conveniently be made by placing the dipole axis horizontal (the plane 
of the current circuit thus being vertical); the direction of the stream of ionized 
gas must (in the simplest form of the model experiment) be perpendicular to the 
dipole axis, but may be vertical, horizontal, or at an intermediate inclination. In 





* Dr. M. A. Tuvr suggested this when a preliminary account of this paper was given at the Depart- 
ment of Terrestrial Magnetism in Washington, at a symposium on magnetic storms, on August 8, 1950. 
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any case the extra-terrestrial field changes in the initial and main phases will be 
along the dipole axis, and therefore horizontal; and they can be measured by the 
ordinary method used in geomagnetographs, by the deflection of a small horizontal 
magnet in or near the plane of the current circuit, suspended by a fine fibre, twisted 
so as to keep the magnet in this plane when the gas stream is not flowing. To avoid 
confusion with real small changes in the geomagnetic field, these should be separately 
registered, or obtained from some not too distant magnetic observatory. 


(13) As regards the field changes observed in the polar regions during magnetic 
storms, it seems certain that they are due to electric currents flowing mainly along 
the auroral zones (not uni-directionally), and across the polar caps enclosed by the 
zones. But it is not yet certain how these currents are produced. 

Auroral and radio observations make it clear that the ionization and electrical 
conductivity of the air in the auroral zones, at levels above about 90 km, are much 
enhanced during magnetic storms, and the same may be true, to a lesser extent, 
for the air over the polar caps, though there is less evidence on this point. In earlier 
papers I have suggested that the polar current systems during magnetic storms may 
be due to electromotive forces continually present, induced by the dynamo action 
of horizontal air flow across the earth’s permanent magnetic field; if so, the resulting 
electric current flow will naturally wax or wane with the ionization and electrical 
conductivity associated with the visible aurorae, and caused by the same agency— 
the entry of solar corpuscles from outside. The presence and action of these cor- 
puscles is now convincingly demonstrated by the auroral spectral observations 
(GARTLEIN [8], VEGARD [9], and MEINEL [10]) of atomic hydrogen lines showing 
displacements, sometimes as great as 70 A (MEINEL), to the ultraviolet, indicating 
line of sight speeds of approach of the order 3000 km/sec. 

If this dynamo theory of the polar current systems and magnetic changes be true, 
these will not be set up in the model experiment, by the mere impact on the sphere 
(or ona thin concentric metal spherical shell surrounding it, if such be added to simu- 
late the ionosphere); this is because the dynamo electromotive forces will there 
be absent. 


D. F. Martyn has propounded alternative theories of these currents, 
somewhat akin to those of BrRKELAND, though with the neutral ionized stream as 
basis, instead of BIRKELAND’s cathode ray stream. He supposes that the auroral 
and polar cap currents are either impelled from outside, or fed from outside, by the 
entry of “ beams ”* of charged particles (of like sign in each beam, though of different 
signs in different beams), proceeding from different parts of the surface of the hollow. 
These particles are supposed to enter preferentially into the auroral zones, thus 
also explaining the auroral phenomena. 


If such a theory be correct, then by providing the earth magnet with a well 
conducting concentric (insulated) spherical shell (possibly with enhanced con- 
ductivity along the “equivalent auroral” zones on the shell), polar magnetic 
changes should be produced in the model experiment and be measurable. 


Thus the model experiment gives hope of being able to distinguish between these 
theories of the polar magnetic changes, or, at least, possibly to exclude one or other, 
though perhaps not decisively to prove one of them. 


* Beams is here used instead of streams, to avoid confusion with the main solar stream. 
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(14) The hypothesis that aurorae are due to the entry into the atmosphere of 
charged particles guided by the earth’s magnetic field was originated by BrrKELAND 
and developed by StORMER [11]; but in their theory this guidance was supposed 
to be exerted over immense distances from the earth (at least over many hundreds 
of earth radii). CHAPMAN and FERRARO, though they formulated no detailed auroral 
theory, proposed that the guidance was much more local, being confined to the hollow 
within the neutral stream: they showed that the surface of this hollow would be 
charged, in some parts positively, in others negatively, and that these surface charges 
would be subject to an electric field tending to repel them from the surface. On 
account of the geomagnetic field, which at the geomagnetic equator will be tangential 
to the surface of the hollow, this repulsive force may there only result in a pulsation 
of the charges from and to the surface; but elsewhere this special condition will not 
exist, and the repulsive force will have an effective component along the earth's 
lines of force, which will guide the particles towards the polar regions. The estimated 
size of the hollow is such that the lines of force from its surface near the equatorial 
plane will meet the earth near the auroral zone; and in intense storms, due to streams 
of specially great kinetic-energy density (4 NAm,v,”), the predicted reduced size 
of the hollow affords a natural and simple explanation of the observed increased 
angular radius (or equatorward extension) of the auroral zones at such times. 


To check this roughly sketched auroral hypothesis by the model experiment, the 
surface of the model earth, or, better, of a closely surrounding concentric shell, 
should be coated (as in BIRKELAND’S experiments) with some material that 
fluoresces under the impact of particles (ions or electrons). If possible the fluorescence 
should distinguish between ions and electrons; otherwise it may be possible to 
distinguish by making the shell in parts, insulated from the sphere and from each 
other, and connected to electrometers that would indicate the sign (and perhaps 
also the rate of precipitation) of the particles reaching each such segment of the shell. 


The speed of the hydrogen ions that penetrate the atmosphere in the auroral 
zone must, from the observed depth of penetration, be of the order of 10° cm/sec 
rather than 10° cm/sec (the undisturbed speed of the neutral stream). The particles 
that leave the surface of the hollow to travel along the lines of force to the auroral 
zone must therefore be accelerated during their motion. This has long seemed a 
difficulty, but as has become clear during conversations between D. F. Martyn 
and myself, the probable solution of the difficulty is contained in Part I of the 
CHAPMAN—FERRARO theory. It is there shown (by consideration of simple particular 
cases) that at the surface of a neutral ionized gas moving with speed v transverse 
to a magnetic field H, the surface layer is charged, and the charges there are subject 
to a repulsive force from the surface, of order vH/ce.s.u. In the hollow around the 
earth, this will be of the order v,H,/c Z, and if it be taken to act with this intensity 
over a distance of the order Za, the gain of energy is of the order e v,H, a/c 2: 
this is likely to be an overestimate, but perhaps by less than a factor of 10. Taking Z 
as 5, the (overestimated) gain of energy per particle is 1-2 x 10-° erg. This far exceeds 
the kinetic energy of a hydrogen ion with speed 10° cm/sec, which is 8-3 x 10~* erg. 
This electrostatic increase of energy would increase the speed of a hydrogen ion 
to 3-8 x 10° cm/sec; allowing for the overestimate, a speed of 10° cm/sec seems 
reasonably predictable from the theory. Evidence that atomic hydrogen enters the 
auroral atmosphere with a speed at least as great as 3 x 10° has lately been obtained 


by A. B. MEINEL. 
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In the model experiment the energy e v, H, a/Z* is reduced, (assuming A’ =A, 
Z' =Z), in the ratio 1-6 x 10-™, whereas the kinetic energy of the hydrogen ions, with 
the ‘‘ model ” speed 1600 cm/sec, is reduced only in the ratio 2-56 x 10-!° Thus 
the additional electrostatic energy is only about a tenth of the original energy of 
the stream particles, and in the model experiment the auroral particles will suffer 
no appreciable acceleration. That is, the speed with which they will impinge on the 
sphere is likely to be of the order of only 16 m/sec, perhaps insufficient to produce 
fluorescence (see Addendum). 

This also shows that the model experiment will not give all the auroral and storm 
effects with the same reduction of scale of size and time. This will not destroy the 
value of the experiment, but will require more care in the interpretation of some of 
its results. In particular, it will be desirable to vary the scales of reduction of time 
and size, so far as this may be practicable, so as to determine how such variations 
affect the results at these levels of reduction. 


(15) The form of the hollow, its distance in all directions outward from the model 
earth, and its variation with time throughout the experiment, may be determinable 
photographically, or, if not, by means of probes. 


(16) It may well be that the different aspects of the results of the experiment, 
magnetic, auroral, geometrical, must be determined separately in separate repetitions 
of the experiment. 


(17) It is desirable to vary the stream density and stream speed (and possibly also 
the random velocities in the stream) over 3 or 4 powers of 10, for the same size and 
magnetic moment of the model earth; the inclination between the magnetic axis and 
the direction of the stream velocity should also be varied, over a range up to 30° 
departure from perpendicularity; the magnetic axis direction may be kept constant 
in some experiments, in other experiments it should be rotated, to simulate the 
daily rotation of the magnetic round the geographical axis (with a mutual inclination 
of 11°). 


Without more experimental knowledge or reading than I now possess, I cannot 
judge how difficult it would be to execute experiments on the lines here proposed ; 
but it seems certain to me that the results obtainable from them would justify very 
considerable experimental effort. 


ADDENDUM 


18) Dr. M. H. Nicuots has pointed out to me that the energy of the ions with the 
speed of 16 m/sec proposed in Section 10 is only 1-34 x 10-6 ev, if the ions are protons, 
or 2:7 x 10-4 ev if they are mercury atoms, and that contact potentials arising at 
welds or on insulating surfaces might easily be of the order of 1 ev (unless special 
precautions are taken*): if so, there might be electrostatic fields in the experimental 
chamber that would altogether vitiate the experiment. 


This low ionic speed was suggested in order not to reduce too greatly the duration 
of the first impulse in the model experiment: the reduction suggested was to 10-*sec. 
My fear of unduly reducing the time scale was excessive, because changes occurring 
in times down to 1 yz sec can be recorded. Thus a thousandfold increase of speed, to 


* F. G. Dunnineton, Phys. Rev. 1937 52 481 found it possible to reduce such potentials by 
evaporating gold on the inside of his vacuum chamber. He found it necessary to renew this gold 
coating from time to time (p. 494). 
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16000 m/sec would still give a measurable duration of 10 y sec for the first impulse, 
and would raise the energy of the ions to 1-34 ev if they are protons, or to 270 ev 
if they are mercury atoms. (Possibly ions of even greater mass could be used, either 
heavy molecular ions, or charged sprays of metal or water or oil, provided that the 
mass was not so great as to make the action of gravity an appreciably disturbing 
factor in the experiment.) These energies are satisfactorily in excess of the thermal 
energies of the particles of the stream, which was not so in Section 11. 

In these two cases, if V,’ is left unaltered, J’ must be increased a thousand- 
fold, to 30 or 400 gauss according as the ions are protons or mercury atoms; neither 
value is impracticable. The initial increase AH,’ would be raised to respectively 
0-12 or 1-7 gauss, and the voltage induced in a coil of m turns wrapped round the 
equator of the spherical dipole would be respectively 0-4 n or 5-5 n mv, because the 
change is magnified a thousandfold, and the time in which it occurs is reduced in the 
same degree. 

The particle speed and energy could be raised even somewhat more without 
requiring too great an intensity of magnetization for the sphere. Alternatively the 
possible increase in J’ above the magnitudes mentioned in the preceding paragraph 
might be made without increasing A’v,’?, but with a corresponding increase in the 
number density NV’, if this seemed advantageous. 


The detection of the magnetic effects, at least in the first phase, to which the 
theory of scale reduction here certainly applies, is not likely to be difficult: in the 
main phase, occupying 10~*sec, the field change should be greater but the rate 
smaller, and the induced flux might be of order 10 wv. As regards the detection 
of the impact of particles on the sphere (presumably only in the polar regions), 
my expression of doubt (Section 14) as to the possibility of fluorescence seems to 


have been only too well justified, and even with the speeds increased a thousandfold 
it may still not be possible [12]. 

The scale change in the ratio of the gain of electrostatic energy by particles 
leaving the surface of the hollow (Section 14), to their initial kinetic energy, is the 
same as that of H,a/Av,, or of ya/A if y and Z remain unaltered and V,/N,'=a’/a 
(Section 10). If the ions in the experiment are protons so that A’=A, the said 
ratio is reduced in the experiment, by the factor 2-56 x 10*; if the ‘* experimental ”’ 
ions are mercury atoms so that A’=200, the reduction of the ratio is still greater 
by the factor 3-5x 10°. Thus in the experiment there can be no appreciable gain 
of electrostatic energy by the charges leaving the surface of the hollow, so long as 
y and N,a are not altered. 
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This paper will make some comments regarding Professor 8. CHAPMAN’S proposed 
‘“ Upper Atmosphere Nomenclature ” which was recently published in this Journal*. 
In his paper, Professor CHAPMAN defines the mesosphere as existing between the 
stratosphere (the nearly isothermal region above the troposphere) and the deep 
temperature minimum between 60-100 km. Professor CHAPMAN further defines the 
thermosphere as *‘ the layer of rising temperature above this mmimum ”’. Thus, 
Dr. CHAPMAN suggests the names, “‘ troposphere *’, “‘ stratosphere ”’, ‘“‘ mesosphere ”’ 
and *‘ thermosphere ” for the atmospheric regions classified according to temperature. 

We would like to accept the names ** troposphere ” and “ stratosphere ” exactly 
as defined by Dr. CHAPMAN, but suggest the substitution of the name ‘ chemo- 
sphere ” for the combined regions mesosphere and thermosphere as defined by 
CHapMAN. We would also like to suggest the name ‘‘ mesosphere ” for that part of 
the atmosphere which extends from the top of the ionosphere (at an altitude of 
about 400 km) to the exosphere. The name “ exosphere ”’ would still refer to the 
high region whence there is escape of molecules from the atmosphere. The atmo- 
sphere would then consist of the following regions: troposphere, stratosphere, 
chemosphere, ionosphere, mesosphere and exosphere. 

The recent investigations by A. B. MEINEL, C. T. ELtvey and F. E. Roacu, 
D. R. Bares and M. Nicotet, and J. Kaptan have emphasized the importance 
of chemical activity in the production of the airglow. Also, this work has indicated 
that the part of the airglow which is caused by chemical actions originates in the 
region of the atmosphere falling near the top of our proposed chemosphere. Certainly 
one of the most striking properties of the 30-80 km region is the part played by 
chemical activity. For this reason, therefore, the name chemosphere is recommended. 

Within both the ionosphere and the mesosphere are found ionized matter as a 
permanent constituent of the atmosphere. Further, practically all auroral activity is 
found in these regions.. 

We are also in accord with ELveEy’s proposal of the name airglow and with 
CHAPMAN'S extension of this name to include adjectives like night, twilight, sunset 
and day. One of us (J.K.) has already adopted the name airglow and proposes to 
add the CHAPMAN adjectives. 


* J. atmos. terr. Phys. 1950 1 121. 





Journal of Atmospheric and Terrestrial Physics, 1951, Vol. 1, p. 201. Butterworth-Springer, London 


Upper atmospheric nomenclature 


Addendum to Section 11* 


SYDNEY CHAPMANT 
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ABSTRACT 


The name turbosphere is proposed for the region from the ground upwards, in which turbulent mixing 
is more powerful than diffusion. The upper limit of the turbosphere, the turbopause, may or may not 
be the same as the homopause. 


(1la) Throughout the lower atmosphere, and up to at least 60 km height, turbulence 
suffices to mix the permanent constituents effectively, overcoming the diffusive 
tendency for each to distribute itself independently of the others, according to its 
molecular weight. (Thermal diffusion also plays a small part, tending to increase the 
relative concentration of the lighter constituents in the hotter strata.) It is suggested 
that this whole region be called the turbosphere. 


The diffusive tendency becomes increasingly effective at greater heights, and it 
may be (but it is not certain) that at some level diffusion becomes dominant over the 
turbulent mixing. The name turbopause is suggested for this level. From the turbo- 
pause upwards, the composition will change materially owing to diffusion (as distinct 
from photochemical dissociations by sunlight); if the turbopause is not far above 
60 km, it may itself be the homopause. If, however, the turbopause is much above 
100 km, the level of the homopause will be determined by photodissociation of the 
oxygen. In that case, it will still be of interest to determine whether, and, if so, at 
what level, there is a turbopause. 


The presence of the ozone layer in the turbosphere shows that photochemical 
processes may be rapid enough to overcome the mixing tendency even where it is 
strong: and the same fact is illustrated at higher levels by the atomic oxygen region 
and by the ionospheric layer. 





It is regretted that the following footnote was omitted in this Journal, Vol. 1, No. 2, 


page 121: 


We are very much indebted to the Bulletin of the American Meteorological Society 
for giving permission to reprint this article which was first published in the 
October issue of this Bulletin, on pages 288-290. 





* J. atmos. terr. Phys. 1950 1 122. 


+ Research Associate, California Institute of Technology, under Signal Corps Project No. 24-172B; on 
leave from the University of Oxford. 
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BOOK REVIEWS 


Hoyte, F.; Some Recent Researches in Solar Physics. Cambridge University Press. 12/6 net. 


This book is one of the Cambridge Monographs on Physics, which have replaced the older series of 
Cambridge Physical Tracts. One would expect any book by Mr. Hoy te to be highly individualistic, and 
this is certainly true of the present work which is in places dogmatic, and which often exhibits a deter- 
mined attempt to overcome difficulties and to reach a goal quickly. No one who knows the author will 
expect this book to present a comprehensive survey of modern developments in Solar Physics. The 
emphasis in the title is on the word ‘‘ some ”’, and it is not a matter of surprise to find that the selection 
is largely confined to those aspects of the subject with which the author has been most directly concerned. 
The book is for the greater part theoretical, but contains some useful summaries of observational material. 

The core of the book is to be found in the third and fourth chapters which deal with the author’s 
theory of the Chromosphere and Corona. In the preceding Chapter II the observational material is 
summarized, but the prospective reader should be warned that the word “‘observational”’ here includes, 
and necessarily includes, some theoretical interpretation. An important result that emerges is the 
existence of very high temperatures in the corona, extending up to values of the order of 108 degrees, 
and Mr. Hoyts, in the following two chapters, seeks to explain this as a consequence of the hypothesis 
of accretion of interstellar material. The basic physical idea is that the high coronal temperatures would 
not have arisen if the sun had been left to radiate in the glory of splendid isolation, but that they do 
arise as a result of the entry, into the solar atmosphere, of incoming captured atoms (mainly hydrogen). 
In developing the consequences of accretion Mr. Hoyts is led to a definite physical picture of the outer 


solar atmosphere. In the outermost part (called ‘‘ Region 2” in the book) the incoming atoms of 


accreted hydrogen are stopped by collisions with the solar material. The energy thus supplied is mainly 
dissipated inwards by convective currents, and below ‘‘ Region 2 ” we have another region, “‘ Region 1 ”’, 
in which, whilst the pressure decreases outwards, the temperature increases with increasing height from 
less than 6000° K at the lower boundary to a value of the order of 10®° K at the base of ‘‘ Region 2’ 

In ‘“‘ Region 1” we thus have a stable atmosphere (temperature increasing with height) into which 


powerful currents are injected from above, since the downward convective currents of “‘ Region 2” 


continue into ‘‘ Region 1 ” in virtue of the momentum they have acquired. 

As a consequence of the increase of temperature with height in ‘“‘ Region 1” the ionization also 
increases with the result that the hydrogen spectral lines fade out at a height of about 12 000 km above 
the photosphere. The chromosphere is regarded as being simply that part of ‘‘ Region 1 ”’ which lies 
below this level. 

All this is an attractive and interesting physical picture, and in the past we have been led to expect 
new physical ideas from the author. But it is obvious that unless it can be shown by quantitative 
analysis that the processes envisaged will work, the picture will remain as one of speculation. The value 
of this book therefore largely depends on the validity of the detailed development given in these chapters. 
I get the impression (I may be wrong) that Mr. Hoye approaches the solar problem by regarding 
appreciable accretion of interstellar material as an established fact, but most of us will regard it as a 
hypothesis which must be judged by its success in predicting results which are in accordance with 
observation. Mr. HoyLE seems to be of the opinion that the hypothesis passes this test and in Chapter IV 
he compares the results he obtains from his detailed analysis with ‘* observational ’’ data, by which he 
often means values of electron density etc, deduced from the available measures of observable quantities. 
IT am inclined to doubt whether at present there will be general agreement that the numerical values which 
Mr. Hoyte regards as observational are beyond reproach. 

It must be recognized however that the development of a coherent theory which leads to results 
in substantial agreement with such quantities as are available for comparison is somewhat of an achieve- 
ment, and the circumstance that it is at present possible to question the interpretation of the (lamentably 
incomplete) observational data does not lessen the achievement. Serious students of solar physics will 
derive benefit from a careful and critical reading of Mr. Hoyin’s book. I fear however that it will be 
found to be a difficult book to read. The argument is not always clearly put and sometimes contains 
gaps which are left to the reader to fill in. The critically minded student will remedy this, and derive 
some advantage thereby, but readers who are not prepared to be critical and who wish their reading 
material to be carefully pre-digested will be well advised to leave the book alone. The critical reader 
will sometimes find that he cannot pass an argument without challenge. I am left with the feeling that 
the author’s detailed analysis of the consequences of the accretionary hypothesis will have to be subjected 
to some careful examination before it can be generally accepted. 

An argument which a critical reader cannot pass is to be found in Chapter I which deals with ‘‘ Sun- 
spots and the Solar Cycle.’ In two and a half pages the author gives a treatment of the complicated 
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problem of moving conducting material in a magnetic field, and he arrives at a conclusion which he 
restates at the beginning of Chapter V when he says that he has shown that the magnetic field due to the 
electric currents in a given domain cannot produce an appreciable effect on the material in a second 
separate domain when, as in the corona, the condition p > H?/4 7c? is satisfied, where p denotes the 
density of the conducting material, H the magnetic intensity and ¢ the velocity of light. On glancing 
through the argument by which Mr. Hoyze arrives at this remarkable result (which, it should be noticed, 
does not involve the conductivity), it will be seen that Euner’s hydrodynamical equations and 
MAXWELL’s equation for curl H are invoked, together with Oum’s law and the ordinary vector product 
expression for the force on a moving charge, but that MAXWELL’s equation for curl E (E~electrie inten- 
sity) does not appear in the analysis. This in itself gives rise to the a priori suspicion that the conclusion 
has not been reached by sound logic, and, on examination, it seems to me that the rather confused 
argument given on page 16 of the text is fallacious. Unfortunately the conclusion, as stated above, is 
used in Chapter V, which deals with ‘Electromagnetism in Solar Physics’’, as the starting point of the 
author’s theory of prominences. This chapter starts off with the characteristically dogmatic assertion 
that ‘‘ A prominence is a localized region in the corona, where the temperature is low enough for many 
of the normal chromospheric lines to be visible’. Mr. Hoye advances the suggestion that the localized 
cooling is initiated as a result of an increased rate of radiation due to increased density, the necessary 
increase of pressure being due to the magnetic focusing of incoming accreted material. He has here 
put forward a most interesting physical picture, which may possibly turn out to be on the right lines, 
but it still remains an unverified hypothesis; I don’t think he has shown that his suggested process 
must take place. He invokes a general solar magnetic field of the order of 50 gauss and the existence of 
such a field is doubtful. 


Returning to Chapter I, after a valuable resumé of observational data, Mr. Hoyie advances an 
interesting explanation of the different degrees of darkening which are found in the umbrae and penum- 
brae of sunspots. Chapter VI deals with ‘‘ Solar and Terrestrial Relationships ’’ and in discussing the 
solar origin of terrestrial magnetic disturbance Mr. Hoye adopts the idea, which has been steadily 
gaining ground during recent years, that there are two types of magnetic storms which may be called 
‘* flare-storms ”’ and ‘“‘ M-storms ”’ (the nomenclature is my own; Mr. Hoy iE does not use it). The 
first type includes most of the great storms, and it is fairly generally accepted that the immediate cause 
is the impact, on the earth, of a burst of particles ejected from the flare area. The ‘ flare-storms ” 
exhibit no marked 27-day recurrence tendency and for these storms Mr. Hoy Le discusses the mechanism 
of corpuscular ejection in the first section of his Chapter VI. But the ‘‘ M-storms ”’ do not appear to 
be associated with flares, their main characteristic is the 27-day recurrence tendency and this indicates 
that they must originate from localized regions on the sun which have been called ** M-regions ”’ by 
BaRTELS (hence my name ‘“‘ M-storms”’). The evidence for a corpuscular mechanism is not so strong 
for the ‘‘ M-storms ”’ as for the “ flare-storms ’’, but the balance of evidence seems to be in favour of 
the corpuscular “‘ garden-hose ”’ theory, and ALLEN, from an analysis of observational data over the 
period 1906-1942, has suggested a mean period of 3 days for the passage of particles from the 
‘*M-regions *’ to the earth. ALLEN’s work also supports a suggestion made by WALDMEIER that the 
‘**M-regions ”’ are coronal phenomena (in contrast to the chromospheric origin of ** flare-storms ”’). Mr. 
Hoy te adopts the corpuscular theory for ‘‘ M-storms ”’ and he adopts the idea that the ** M-regions ” 
are to be found in the corona. He places them in his ** Region 2” and he considers that they are to be 
identified with regions of bright coronal line emission. According to him it is probable that the cause of 
the enhanced coronal emission is to be found in magnetic focusing of incoming accreted material and 
he gives his reasons for believing that for such a coronal region atoms will be expelled sideways, /.e. in 
directions inclined at appreciable angles to the solar radius, there being however little tendency for 
expulsion in a radial direction. According to this picture ‘* M-storms ” should occur when the ‘““M-regions”’ 
ejecting the atoms are well away from the centre of the solar disc, and Mr. HoyLe quotes the analysis 
made by SHAPLEY and RoBeErts in support of his views. This analysis covers a comparatively small 
sample of data (August 1942 to July 1944) and magneticians are well aware of the danger of erecting 
a theory on the basis of a small sample. Mr. Hoye does not quote the evidence furnished by the analysis 
of 20 years data given by CHREE and Srace (Phil. Trans. A 1927 227 21) and it seems to me that 
this analysis definitely shows that Mr. Hoyin’s theory of ** M-regions ”’ is, as it stands, wrong. * M- 
quasi-stable and can persist for several solar rotations; if Mr. Hoyin’s theory were correct 
‘*M-storms ” should occur in pairs, one member of each pair occurring when the ‘‘ M-region ”’ of origin 
was near the sun’s east limb and the other when the region was near the west limb. The analysis of 
CHREE and Stace should have revealed this tendency, but their Figure 5 shows no sign of any secondary 
pulse such as would result if Mr. Hoyie’s ideas were correct. His theory of ‘** M-regions ”’ thus falls; I 
personally view with some suspicion any mechanism of this kind involving magnetic focusing arising 
from the action of a general solar field of the order of magnitude of 50 gauss. 


regions ”’ are 
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The concluding Chapter VII deals with ** The Emission of Radio Waves from the Sun”. There is 
also an Appendix on ‘‘ The Origin of the Magnetic Field of the Sun ” (in which the accretionary panacea 
is again invoked) and some ** Supplementary Notes ’’. The book is very condensed and is well annotated 
with references, not always accurate. I have the impression that it was written rather hurriedly. In 
fact, it is stated in the author’s preface that it was written in the summer months of 1947. Then follows 
a delightfully characteristic passage: ‘‘ Re-reading the manuscript a year later I find, especially in the 
last two chapters, that on several issues I have been guilty of too confident assertion, while, on the 
other hand, a number of suggestions have been strengthened by subsequent investigation. In spite of 
the temptation to re-write the passages concerned I have decided to adhere to the original form ”’ 

It is perhaps just as well that Mr. Hoye did not yield to temptation. If he had, and if he had subse- 
quently yielded again, and yet again, the book may never have appeared and critical readers would have 
been deprived of a book of some value to them. As regards the uncritical this book is not for such and 
they will be well advised never to open it. W. M. H. Greaves (Edinburgh) 


Cosmic Radiation ; (Editors: F. C. Frank and D. R. Rexwortuy). Volume 1 of the Colston 


Papers. Pp. viii + 189. Butterworths Scientific Publications, London, 1949. 25/-. 


It is unusual for a scientific book to be submitted for review more than a year after publication ; 
in the case of a book on cosmic radiation in particular it might be thought that its topical interest 
would have been lost over the intervening period. This book, of course, could not have been submitted 
to this particular journal in June 1949, at the date of publication, for the Journal of Atmospheric and 
Terrestrial Physics was not then in existence—and besides this there are special reasons why its appeal 
has a certain permanence in spite of its subject. As stated on the inside title, Cosmic Radiation is 
Volume 1 of a projected series of Colston Papers : from this angle it may be said at once that if future 
volumes maintain the same standards of intrinsic worth and excellence of production as are exhibited 
by the volume under review then the series will be a noteworthy one. 

The Colston Research Society.of the University of Bristol] has had a useful record as a source of 
monies for research over many years. With the increase in the provision of public money for such 
purposes it has recently decided to devote its own funds to promote annual symposia and to publish 
their proceedings. The intention is that successive symposia shall cover widely different fields of 
intellectual enquiry, humane and scientific—and future choice of subject may sometimes be difficult 
—hbut it was natural that the first of them, held in Bristol in September 1948, should have dealt with 
cosmic radiation. At that time Professor Powell’s team of researchers undoubtedly held the attention 
of physicists throughout the world by their brilliant exploitation of the photographic emulsion method. 

The Editors’ note records the sad fact that some contributors to the symposium did not submit 
manuscripts for publication, and that some of those published, being late arrivals, had to be worked 
in at the end of the volume, but apart from this there are twenty five papers, more or less tidily grouped 
under seven heads, which make impressive records of what must have been a highly successful meeting. 

In these days, any symposium on cosmic rays is held just a little too early to receive the important 
results which are always on the point of discovery, but this one was fortunate in its time in that the 
identification of m-and y-mesons was well established, and fairly clear evidence was available regarding 
their transformation modes, when the meeting was convened. Whispers of heavier mesons, too, were 
in the air. In the commemorative volume there are many beautiful photographs, of course, and much 
information about recent experimenting, but possibly on the theoretical section—containing the 
contributions of HerrLer, RosENFELD and M@LLER—chiefly depends its semi-permanent value. 

It may be wondered whether the price is an economic one, but the purchaser, at least, need not 
be unduly troubled by this consideration. N. FeatHER (Edinburgh) 
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Directional measurements of the diurnal variation of 
cosmic ray intensity 


H. Exxiot and D. W. N. DoLBEar 
The Physical Laboratory, The University, Manchester 
(Received 10 November 1950) 


ABSTRACT 

The results of former measurements of the solar daily variation in cosmic ray intensity in the north and 
south directions have been confirmed by new data from shielded and unshielded recorders. The inter- 
pretation that the difference between the variations for the two directions is due to a non-isotropic 
distribution of the primary cosmic rays is strongly supported by measurements in the east and west 
directions. This lack of complete isotropy is discussed in relation to the solar streams which cause 
geomagnetic disturbances and which are here assumed to be polarized in a solar magnetic field. Good 
agreement is obtained between the observed effect and that calculated on this basis assuming a solar 
equatorial field strength of 8 gauss. It is shown that geomagnetic disturbances have a pronounced 
effect on the solar daily variation and on the south minus north difference. 


A small variation with sidereal time is shown to exist in the Manchester data and this is confirmed 
by an analysis of ionization chamber data from Huancayo, Christchurch and Cheltenham. The sidereal 
daily variation thus found has an amplitude of about 0°02 % with a time of maximum at about 0500 hr. 
This is opposite in phase to the variation expected on the basis of the Compron-GETTING effect and 
therefore a galactic origin for the primary cosmic rays is indicated. 


1. INTRODUCTION 


As a result of measurements using counter telescopes it is now well established that 
the diurnal variation of cosmic ray intensity at sea level depends on the direction of 
arrival of the particles at the earth’s surface. Early measurements of this kind 
were made by ALFVEN and Matmrors [1] in Stockholm, by KoOLHORSTER [2] in 
Berlin and more recently by the present writers in Manchester (ELLIOT and DOLBEAR 
[3]referred to as Paper I). The most extensive measurements have been made for 
the north and south directions and the results show that while the amplitude of the 
first harmonic is roughly the same for both directions the time of maximum is 
later for south than for north. In addition the diurnal variation for the south direc- 
tion contains a much larger second harmonic term than that for the north. 


In Paper I it was tentatively suggested that the difference between the daily 
variations for the two directions was due to the primary radiation reaching the earth 
not being completely isotropic, and it was pointed out that it should be possible to 
check this interpretation experimentally by making measurements in the east—west 
plane. Measurements of this kind have now been made in Manchester and the results, 
which are given in the present paper, appear to support this interpretation. In 
addition the north-south data for Manchester have now been extended using counter 
telescopes with a smaller solid angle than those used for the preliminary measure- 
ments described in Paper I. Measurements have also been made with 35 cm lead 
absorber in the telescopes. These additional north-south measurements will be 
described first and compared with the previous results. 


2. EXPERIMENTAL ARRANGEMENT 


The counter arrays used for the new north-south measurements each consisted of 30 counters 
arranged in three trays of ten. The counters had an effective length of 40 cm and were 4 cm 
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in diameter. The spacing between the trays was 25 cm, the distance between the top and bottom 
trays being 50cm. The trays were mounted in metal boxes together with the E.H.T. supplies 
for the counters and a coincidence unit which selected threefold coincidences between the three 
counter trays. Four such arrays were used, arranged in two pairs inclined at 45° to the vertical 
in the north-south plane. 

One pair of arrays had 35cm of lead absorber whereas the other contained no absorber 
apart from the thin steel trays which held the counters. When inclined at 45° the counting rate 
for each of the lead-shielded arrays was about 7000 coincidences per hr and about 10000 
per hr for the unshielded arrays. 

The coincidence pulses were fed through a cathode follower to scaling units (one for each 
array) which scaled by 50 and the output of these scaling units operated electromechanical 
counters. These counters, together with a clock and an aneroid barometer, were mounted ona 
panel which was automatically photographed every 15 minutes by means of a 16mm camera 
which was operated by electrical contacts on a temperature compensated clock. 
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Fig. 1—Daily variation of cosmic ray intensity in the north and south directions for three independent 
recorders. 

Fig. 2—Difference curves of best fit obtained by subtracting the north daily variation from that for 
the south. 


3. EXPERIMENTAL RESULTS 


Figure 1 shows the diurnal variation for the north and south directions averaged 
over a period of ~300 days for both the shielded and unshielded sets. The earlier 
unshielded results given in Paper I are shown for comparison. The counter arrays 
used for the 1948 measurements accepted particles within a solid angle of approxi- 
mately 4 steradian. The corresponding angle for both the shielded and unshielded 
arrays used for the 1949 measurements was 0-8 steradian. The curves drawn through 
the experimental points are the sums of the first and second harmonics of best fit. 
There is obviously close agreement between the three sets of data and in particular 
it is noteworthy that the introduction of 35 cm of lead absorber does not produce 
any marked change in the variation for either the north or south directions. 
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Since daily changes in atmospheric temperature and pressure have an appreciable 
effect on cosmic ray intensity, the observed daily variation of the intensity must 
be due to a combination of these atmospheric effects together with that due to the 
non-isotropic primary distribution. Since the two counter arrays are arranged 
symmetrically with respect to the vertical, that part of the daily variation which is 
due to atmospheric effects will be the same on both recorders and.can be eliminated 
by subtracting the north variation from that for the south. 

The difference curves which should therefore be entirely due to the non-uniform 
distribution of the primary radiation are shown in Figure 2. These curves are of very 
similar shape and although the variation for the shielded set appears to be of rather 
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Fig. 3. Fig. 4. 
Fig. 3—Solar time dial showing the amplitude and phase of the first harmonies of the daily variation 
in the north and south directions for shielded and unshielded recorders. 
Fig. 4—The daily variation of cosmic ray intensity in the east and west directions and the difference 


(E-W). 


greater amplitude than that for the unshielded sets it is not possible to say with 
certainty whether the difference is significant. This will be evident from Figure 3 
which shows both the shielded and unshielded data plotted on a harmonic dial 
together with the appropriate standard deviation circles. 

If this division of the daily variation into two distinct components is correct, 
then, as pointed out in Paper I, it is possible to test it experimentally by measuring 
the daily variation in the east and west directions. The counter arrays which were 
used for the original north-south measurements were therefore turned so that they 
pointed east and west at 45° to the vertical. 

With this arrangement the two telescopes scan the same part of the sky in succes- 
sion as the earth rotates. The difference in time between any particular region of 
the sky appearing opposite the two telescopes depends on the angle 26 between the 
telescopes and is given by 206/15 hr. From the polar diagram (see Paper I) the 
angle between the directions of maximum sensitivity for the two arrays is 50°. 
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Because of this the primary intensity variation shown as the top curve in Figure 2 
should be displaced 1-7 hr earlier for the east-pointing telescope and 1-7 hr later 
for the west. Thus, if we suppose the atmospheric component of the daily variation 
to be A(t) and the variation in primary intensity to be given by : 


27 
12 


P, cos 4 (t —t,) +P, cos 75 (t—te) 
the east variation will be given by 
» y 2 
Al, =A(t)+P, cos sy t —(t,— 1-7) } +P, cos af —(tg— 1-7) } . 
and the west variation by 
Aly =A(t)+P, cos sr t —(t,+ 1-7) } +P, const t _ (t,-+1-7) } 


the atmospheric component being the same for the two directions since the two 
telescopes are symmetrical with respect to the vertical. This atmospheric part can 
therefore be eliminated by taking the difference between the two so that we have 


> ») 
oon) SOaeee { 0-86 P, sin 34 (t—t) + 1-56P, sin 3 (t—t,) } (1) 


This expression for the difference between the east and west daily variations 
depends on the quantities P,, P,, t; and t, which are known from the south-north 
measurements. The only other factor involved is the angle 26 between the two 
telescopes which is responsible for the 1-7 hr change in phase. 


Figure 4 shows the average east and west daily variations measured over a 
period of 300 days during 1949. The east minus west differences are also shown in 
the same figure. The points which have been plotted are the observed differences 
and the curve which has been drawn is that given by equation (1) above. 


4. Non-Isotropic Primary DISTRIBUTION 


(a) Solar streams and the cosmic ray intensity—In view of the close agreement between 
the east minus west difference curve and that predicted from the north-south 
measurements it appears very likely that the interpretation in terms of a non- 
isotropic primary radiation is correct. 


This non-isotropic primary distribution appears to be due almost entirely to a 
solar effect, the intensity being low at 0900 hr and high at 1500 hr as shown by the 
difference curves in Figure 2. As was pointed out in Paper I there is some evidence 
for a variation with season of these times of maximum and minimum intensity and 
because of this it was tentatively suggested that the effect might be due to the 
deflecting action of the solar magnetic field on a sidereal component of the primary 
radiation. Recent work on the solar field, however (THEISSEN [4], POMERANTZ [5], 
DoLpEaR and Etxxior [6]), indicates that it is much smaller than was originally 
supposed and any effect of this kind is therefore also likely to be small. 


In view of this it seems that the lack of isotropy of the primary radiation must 
be mainly attributed to some solar cause other than a direct effect of the solar field 
although there is evidence for a superimposed sidereal variation which will be 
discussed in section 6. Confining our attention for the present to the solar effect 
it appears that it may be possible to account for it by the kind of process which 
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has been suggested by ALFVEN [7] in order to explain the much larger changes in 
cosmic ray intensity which sometimes occur at the time of a magnetic storm. 


ALFVEN has pointed out that the streams of ionized matter which are generally 
supposed to be emitted by the sun and to produce magnetic storms will have 
transverse electric fields associated with them which should produce changes in 
cosmic ray intensity at the earth. The electric field arises from the polarization of 
the stream due to the deflection in opposite directions of the electrons and positive 
ions by the solar magnetic field. 


If we assume the sun’s dipole to be orientated in the same direction as that of 
the earth the polarization for streams emitted from the east and west limbs of the 
sun will be as shown in Figure 5. Primary cosmic ray particles passing through a 
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Fig. 6. 
Fig. 5—The geometry of the solar streams which may produce the non-isotropic distribution of cosmic 
ray primary particles. 


Fig. 6—Calculated and observed variation in the cosmic ray intensity at sea level. 


stream of this kind will lose or gain energy depending on their sign and the direction 
in which they cross the stream. Thus positively charged primaries reaching the 
earth from the direction (a) in Figure 5 will gain energy whilst those arriving from 
direction (b) will lose energy. Consequently we should expect that the intensity in 
the early afternoon will be above average and in the late morning below average as 
is indicated by Figure 2. 

It is possible to make an approximate calculation of the magnitude of the effect 
in the following way. The electric field X, due to the stream at a distance r from the 
sun is given by: 

X,, =300H ya3v/r3e v/em 


where H, is the sun’s equatorial field strength 
a is the solar radius 
and v is the velocity of the stream. 


Putting v=2~x 108 cm/sec and taking the angular width of the stream as 15° 
(corresponding to a storm lasting for ~ 1 day) the total voltage Z, across the stream 
at a distance r from the sun is given by 


E,=0-5 H,a*/r?=0-5 Hya?/r2 tan? (see Figure 5). 


Primary protons which cross the stream at a distance r will have their energies 
changed by E, ev. If we suppose that on the average each primary proton gives 
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rise to 5 mesons which share the primary energy equally, the energy change per 
meson will be 


0-1 Hya3/r2 tan? d ev (2) 


Since the counter arrays used here have a comparatively wide angle of acceptance 
it is necessary to estimate the fraction of the mesons recorded which have been 
produced by primary particles crossing the stream. Taking into account the 
geometry of our counter arrays and assuming the angular width of the stream in the 
meridian plane of the sun to be 30° (ALFVEN [8]), this fraction can be shown to be 
approximately 4 sin ¢/7 so that combining this with expression (2) we have for the 
average energy loss per meson recorded 


E=0-4 H,a* sin ¢/7r2 tan? ¢ ev 


Now the ionization loss for mesons in air at minimum ionization is 
~ 2x 10° ev cm?g~' and the variation in intensity at sea level due to the change in 
energy of the primaries in the electric field will therefore be equivalent to that 
produced by a change in the amount of absorber above the telescope of 


E/2 x 108 g/em? 


We know from the absorption coefficient (deduced from the barometer effect) 
that the change in intensity at sea level is ~0-15°%, per g/cm? of absorber. The 
change in sea level intensity produced by the electric field of the solar stream is 
therefore given by 


Al=0-: 15 E/2 x 108 


Since # is known as a function of ¢, AJ can be calculated as a function of local 
time. The curve obtained by putting H)=8 gauss is shown in Figure 6 together 
with the observed points from Figure 2a. 


This curve is based on the assumption that Figure 5 represents the average state 
of affairs and there is some doubt as to whether a sufficient number of streams is 
emitted from the sun to produce the effect. There is little guidance on this point 
but it is perhaps worth while quoting some results of CHREE [9]. He showed that 
there was a strong tendency for small magnetic disturbances to be repeated after 
an interval of 27 days, corresponding to the rotation period of the sun. This pheno- 
menon is usually interpreted as meaning that the area emitting the stream remains 
active, in some cases, for more than 27 days. The magnetic disturbances used by 
CHREE to establish this effect numbered 5 per month and it would appear that the 
number of streams present at any time must be of this order and therefore adequate 
for our purpose. 


(b) Geomagnetic activity and the daily variation in cosmic ray intensity—lIf, as is 
generally believed, magnetic disturbances are due to the arrival of a solar stream in 
the vicinity of the earth the effect of the electric field should be greatest at this time 
since the stream will then subtend its maximum solid angle. With a view to checking 
the existence of this effect the data for 360 days were divided into two groups, one 
comprising the days on which the sum of the three-hourly K figures of magnetic 
activity was <17 and the other of days for K218. This division was chosen in 
order to make the number of days in each group roughly the same and of uniform 
distribution over the year. The south minus north curves for the two groups are 
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shown in Figure 7 from which it will be evident that the effect is indeed greater on 
disturbed than on quiet days. 


On magnetically disturbed days, however, the effect may be a good deal more 
complicated than has been suggested above since at the time of intense magnetic 
storms, decreases in cosmic ray intensity of 8 or 10% sometimes occur. It is of 
particular interest to note that during the recovery period following such a decrease 
in intensity the whole of the daily variation, and not only the south-north difference, 
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Fig. 7—(S minus N) daily variation and level of geomagnetic activity; upper curve K<17; lower 
curve K>18. 


Fig. 8—The variation of cosmic ray intensity on the day following two geomagnetic storms: (A) 
24-29 January, 1949; (B) 26-31 July, 1946. 


appears to be much enhanced. Two examples of this effect for the magnetic storms 
of July 26, 1946 and January 24, 1949 are shown in Figure 8 where the average 
variations for the two recorders are plotted for the day on which the storm began 
and for three subsequent days. The two recorders were pointing north and south 
at the time of the July 26 storm and east and west at the time of the January 24 
disturbance. 

The increase in amplitude of the daily variation is seen even more clearly in 
Figure 9 where the average daily variation for July 28 and 29, 1946 and January 26 
and 27, 1949 is shown together with the average daily variation for 360 days. This 
increase in the daily variation during the recovery period following a magnetic 
storm has also been found by SEKrpo and Yosuipa [10]. An increase in amplitude 
is also evident to some extent for both the north and south daily variations on days 
for which K > 18. 

The trajectories of primaries with momenta less than about 2x 10ev/c are 
such that these particles may pass through the streams, when they are close to the 
earth, and arrive at the earth’s surface from either the north or south directions. 
This is due to the spiral motion of these particles, a small change in momentum being 
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sufficient to produce a large change in the direction of arrival at the earth’s surface. 
Because of this property of the trajectories it seems reasonable to suppose that this 
increase in the whole of the diurnal variation may also be due to electric fields 


associated with solar streams. 


5. Semi-DiuRNAL VARIATION 


The semi-diurnal variation in cosmic ray intensity measured by vertical counter 
arrays and ionization chambers has been attributed to atmospheric effects such as 
oscillations in the earth’s atmosphere (see summary by NIcoLson and SARABHAt [11]) 
or DUPERIER’S [12] positive temperature effect (RATHGEBER [13]). 
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Fig. 9. Fig. 10. 
Fig. 9—(A): mean daily variation for 26 and 27 January, 1949 and 28 and 29 July, 1946. (B): average 
daily variation for 360 days. 
Fig. 10—Sidereal daily variation for Manchester (A), Christchurch/Cheltenham (B) and Huancayo (C). 


It was shown, however, in Paper I that the semi-diurnal wave, like the 24 hr 
wave in cosmic ray intensity, depends on the direction of arrival of the particles at 
the earth’s surface and it was pointed out that because of this the semi-diurnal 
variation could not be caused by atmospheric effects alone. The measurements 
described above confirm the earlier results and indicate that the semi-diurnal wave 
is largely due to the non-isotropic primary distribution. 


6. SIDEREAL DatLy VARIATION 


With a single intensity recorder the identification of a sidereal daily variation is 
complicated by the presence of the solar daily variation which shows a seasonal 
dependence of amplitude. This difficulty has been fully discussed by THompson [14]. 


The experimental arrangement described here, in which two recorders are used, 
is specially suited to the detection of any anisotropy of the primary radiation which 
depends on sidereal time since atmospheric solar effects, which must be responsible 
for at least a part of the seasonal variation, can be eliminated. 
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In order to investigate the possible existence of a sidereal daily variation the 
data have been arranged according to sidereal time and the resulting south minus 
north variation is shown in Figure 10 (A). It is clear that the sidereal effect, if it 
exists, is very small but the data shows some indication of a variation with an 
amplitude of about 0-03%. 

In view of this it seemed worth while to see how this result compared with the 
very extensive ionization chamber data published by Lance and Forsvusna [15]. 
As has been pointed out above it is well known that regular seasonal changes in 
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Fig. 11—Solar time dial showing cyclic arrangement of bi-monthly means of the daily variation at 
Christchurch/Cheltenham (B) and Huancayo (C). 


Fig. 12—Sidereal time dial showing the mean daily variation for Manchester (A), Christchurch/Chelten- 
ham (B) and Huancayo (C). Bi-monthly means are shown as ° for Christchurch/Cheltenham and e 
for Huancayo. 


. the amplitude and phase of the solar daily variation can produce a spurious sidereal 
variation when the data are averaged over a year for a single station. It can be 
shown that this spurious effect may be eliminated by combining the data from a 
station in the southern hemisphere with that from a station of similar latitude in 
the northern hemisphere and for this purpose the data from Christchurch (Lat 
43-5°S) and Cheltenham (Lat 38-7°N) have been taken together. The daily variation 
found when the data for these two stations are averaged in sidereal time for the 6 
complete years available is shown in Figure 10 (B). 

Data are also available for Huancayo (Lat 12°S) and since this station is close to 
the equator the seasonal changes in the solar daily variation should be small. In 
view of this the Huancayo data for 9 complete years have also been averaged accord- 
ing to sidereal time and the daily variation obtained is shown in Figure 10 (C). The 
three curves drawn through the experimental points shown in Figure 10 were 
obtained by harmonic analysis. 

In Figure 11 the solar diurnal variation is shown on harmonic dials for the average 
of Christchurch and Cheltenham and also for Huancayo. Bi-monthly means have 
been used throughout, the point marked (1) corresponding to January/February, 
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and so on. It will be seen that for both sets of data the end point of the solar vector 
shows a progressive anti-clockwise motion about the mean which is precisely the 
behaviour to be expected for a superimposed sidereal variation. The Manchester 
data do not show any well defined cyclic arrangement of this kind (Paper I) but it 
may be that it is masked by the comparatively large statistical errors. 


If the mean solar vector is subtracted from the bi-monthly vectors shown in 
Figure 11 the data can be transferred to the sidereal dial shown in Figure 12. The 
mean sidereal variation is shown for each of the stations Huancayo, Manchester 
and Christchurch/Cheltenham. The standard deviation circles have been calculated 
from the scatter of the monthly points for Huancayo and for Christchurch /Chelten- 
ham. The standard deviation for the Manchester value has been estimated from the 
total number of particles counted. 

These results, obtained from three completely independent sets of data, are 
remarkably similar and must be taken as strong evidence for the existence of a 
sidereal variation of amplitude ~ 0-02°, with a time of maximum at about 0500 hr 
sidereal time. 

It is of interest to note that the phase of the variation at Huancayo is almost 
opposite to that expected from the Compron-GETTING effect as calculated by 
VALLARTA, GRAEF and Kvusaka [16] for positive primary particles and assuming that 
the primary spectrum follows an inverse cube law. This result implies, therefore, 
that the Compron-GETTING effect does not exist and that the primary radiation 
must therefore be assumed to originate within the Galaxy. 
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ABSTRACT 

‘The seasonal variation in cosmic ray intensity has been measured with two independent GEIGER-MULLER 
counter sets shielded with 35 cm of lead. It is shown that the variation is due to atmospheric temperature 
and pressure changes and can be completely explained only with the aid of DUPERIER’s positive tempera- 
ture effect. In addition it appears that the diurnal variation may partly be accounted for by the same 
mechanism. 


INTRODUCTION 


Previous to 1938, work of rather limited accuracy had indicated the presence of a 
seasonal variation in cosmic ray intensity, most observers agreeing that there was a 
maximum in winter. ForBusH [1] analysed the results of several years data 
recorded by the Model C ionization meters at Cheltenham (U.S.A.), Christchurch 
(New Zealand), Teoloyucan (Mexico) and Huancayo (Peru). Using monthly means 
of cosmic ray intensity he separated the variation over the year into two parts, a 
world wide variation of irregular character which he ascribed to geomagnetic 
activity and a 12 monthly wave which was present on all stations except Huancayo. 
The seasonal temperature coefficients found from these data (using ground tempera- 
tures) varied from station to station and because of this ForBusH did not interpret 
the wave as due to atmospheric temperature changes. 


GILL [2] published an independent analysis of the same data. He resolved the 
seasonal variation into a 12 monthly and a 6 monthly wave and found no significant 
correlation between monthly means of ground temperature and cosmic ray intensity 
except at Cheltenham so that no significance was attached by GILL to the tempera- 
ture coefficients at other stations. BLACKETT [3] had pointed out that the use of the 
surface temperature was only an approximation and that the mean temperature of 
the atmosphere up to great heights should be used since on that factor depended the 
probability of decay of the hard component of cosmic radiation at sea level. GILL 
therefore took his results as supporting BLACKETT’s hypothesis that the seasonal 
variation was a result of the instability of the “-meson (the decay temperature 
effect). However, no measurements of the seasonal effect appear to have been 
published so far in which the decay temperature effect has been allowed for. 

The present paper deals with the seasonal effect (month-to-month changes) of 
cosmic ray intensity and it will be shown that this seasonal variation can only be 
satisfactorily explained if DUPERIER’s [4] positive temperature effect is taken into 
account as well as the decay temperature effect. It will also be shown that the 
positive temperature effect is likely to be the cause of a part of the diurnal variation. 


SEASONAL EFFECT 


Apparatus—lIn these laboratories during 1949 two independent recorders have been 
used for measuring the seasonal variation. These recorders, which counted threefold 
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coincidences, were inclined at 45° to the vertical in the north and south directions, 
so that the diurnal variation for the north and south directions and the seasonal 
variation could be investigated at the same time. Details of the arrangement are 
given in the previous paper. Each array contained 35 cm of lead absorber and the 
counting rate was about 7000 per hour. 

Evaluation of the decay and absorption coefficients—In order to obtain the decay and 
absorption coefficients for the mesons recorded by our arrangement, daily mean 
values of the cosmic ray intensity were correlated with barometric pressure and the 
heights of various pressure levels by a similar method to that used by DUPERIER [5]. 
Days of high geomagnetic activity were excluded. For this purpose the two recorders 
were treated as one by adding together the daily rates. The mean daily barometric 
pressure was derived from hourly photographic readings of an aneroid barometer 
while the upper air data were obtained from the radio-sonde ascents made at 
Liverpool. The values obtained for the correlation coefficients over a period of 40 
days are summarized in Table 1 where C stands for cosmic ray intensity, H the 
height of a particular isobaric level and B the barometric pressure. Thus rg is 
the total correlation coefficient between the cosmic ray intensity and the height of 
a particular isobar while rgy., is the partial correlation coefficient between the 
cosmic ray intensity and the height of a particular isobar for constant barometric 


pressure. 


Table 1—Total and partial correlation coefficients of cosmic ray intensity and height of 
various pressure levels (ro p= — 0-92) 





Pressure level 600 500 400 300 200 100 





— 0-93 —0-91 — 0:86 — 0:85 —0-79 — 0-66 


(mb) 


"CH 


_— —052 —046 —037 -—043  -046  —0-75 





It will be seen that the value of the partial correlation coefficient r,,, , is con- 
siderably higher for the 100 mb isobar than for any of the others. This is in agree- 
ment with previous findings [5] and indicates that the bulk of ~-mesons is formed at 
or above the 100 mb pressure level. 

It was clear from a study of the data that the chief error in day-to-day correla- 
tions would lie in the height of the 100 mb isobar since this was determined from 
only two radio-sonde ascents per day at Liverpool. It was therefore decided to take 
the upper air data from four radio-sonde stations in Britain; each of which had four 
ascents per day, and use the mean of the 16 independent values of the height of the 
100 mb isobar for the day-to-day correlations. 

As a large part of the day-to-day changes in H, now taken as the height of the 
100 mb isobar, is due to changes in sea level pressure it was necessary to establish 
that the barometric pressure in Manchester was well correlated with the mean 
daily pressures from the 16 readings at the stations concerned. This correlation 
was carried out for three separate months and correlation coefficients of +0-99, 
+0-98 and +0-96 were obtained. 

Correlations of the cosmic ray intensity were then carried out for each of the 
months in 1949 for each of the recorders separately with the two meteorological 
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variables B and H. The results are given in Tables 2 and 3 where fz is the 
barometric coefficient, oz, the absorption coefficient and foy,z the decay 
coefficient. 


Table 2—Correlation and regression coefficients for absorption and decay of cosmic rays using a 
north-looking recorder shielded with 35 cm lead (daily departures from monthly mean) 





No. of 
Month TOR Lor "CB,H Aop, H "CH, B Pou, B days 





Jan. —0-93 —1-98 — 0°83 “55 —0-48 — 6-20 27 
Feb. —0:75 —1-70 —0-91 “5: —0-89 — 6-30 2§ 
Mar. —0-68 —1-61 — 0-63 . —0-27 — 2-95 
Apr. —0-84 ~ 1-92 —0°77 5 — 5-20 
May — 0:95 — 2-06 — 0:95 . . —1-17 
Jun. — 0-94 — 2-75 —0-90 +92 . — 7-50 
Jul. — 0-82 — 1-42 — 0-84 -]- “7: — 6-70 
Aug. —0-90 — 1-40 — 0-86 45 10-05 +0-58 
Sep. —0-87 — 1-68 —0-88 — 1-66 “4: —4-55 
Oct. —0-9] —1-81 — (94 + —O-85 — 4-80 
Nov. — 0-94 — 1-84 — 0-94 62 . — 4-50 
Dec. —0-95 — 2-06 —0-98 . — 4-30 


Means —1-85%/em Hg —1-61%/em Hg — 4-90%/km 





Table 3—Correlation and regression coefficients for absorption and decay of cosmic rays using a 
south-looking recorder shielded with 35 cm lead (daily departures from monthly mean) 





Month TOR 








Jan. — 0-97 
Feb. — 0-76 
Mar. — 0-84 
Apr. — 0-84 
May — 0-95 
Jun. — 0-95 
Jul. — 0:89 
» Aug. —0-88 
Sep. —0-89 
Oct. —0-88 
Nov. —0-91 
Dec. — 0-93 
Means — 1-90%/em Hg — 1:65%/em Hg —4:80%/km 





The mean values for the three regression coefficients are not significantly different 
for the two recorders. If monthly values corresponding to correlation coefficients 
less than 0-4 are ignored as less reliable than the others we obtain values as follows 
as means for the two recorders for the year: 


Barometer coefficient | (2¢z) =(—1-88 + -03) %/em Hg 
Absorption coefficient (oz, 7) =(—1-63 + -05) %/em Hg 
Decay coefficient (Bon, z) =(—5:70 + 23) %/km 
All the errors given are standard deviations calculated from the scatter of the 
monthly values about the mean. 
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Seasonal variation—The days used to obtain monthly means of cosmic ray intensity, 
height of the 100 mb isobar and barometric pressure were those already selected for 
the day-to-day correlations. The final data are shown graphically in Figure 1 where 
the intensity readings have been corrected for the barometric changes over the year. 
The cosmic ray intensity shows a definite decrease in mid-summer amounting to 
about 2°, of the winter intensity and there is good agreement between the two 
recorders. The corresponding variations in H, the height of the 100 mb layer, and 
T's, the surface temperature, are shown inverted to make clearer the inverse relation- 
ship between them and the cosmic ray intensity. Qualitatively then, these new 
measurements of the effect agree with earlier work using ionization chambers. It 
should be added that no directional dependance of the seasonal variation appears 
to exist within the accuracy of the present measurements. 


A correlation between the monthly departures from the annual mean and the 
corresponding departures of H and 7's for each recorder gives the results shown 
in Table 4. 


Table 4—Correlation and regression coefficients obtained from the monthly departures from the 
annual mean of cosmic rays, height of the 100 mb isobar and surface temperature 





North recorder South recorder 
Intensity ——— - ——_—___—_—_—__—— — $l 
correlated with B 





H -{ —3-61%/km 
Ts 0-9: —0:17%/°C 





The correlation coefficient between the two recorders had the high value of 0-97 
which gives confidence in the stability of the apparatus. The regression coefficients 
for the relation with surface temperature (—0-17°/°C) are in good agreement with 
the value —0-18°,/°C found by Compton and TURNER [6] with an ionization chamber 
shielded with 12 cm of lead. The correlation coefficients derived from the departures 
of H are high with regression coefficients which are not significantly different from 
each other. The mean value —3-55°%,/km is, however, significantly different from the 
value —5-70°,/km found from the day-to-day correlations with the same data. 


Now an examination of the data in Figure 1 shows that there are several dis- 
crepancies in the behaviour of the cosmic ray intensity when compared with H. 
For example, in April and May although H has then a value equal to the annual 
mean the cosmic ray intensity measured by both recorders is then 0-5°% above 
the annual mean: the maximum of H is in July and the minimum of the cosmic 
ray intensity in August: and the steep recovery of H to the annual mean in the 
period September—October is not duplicated in the intensity. 


These discrepancies indicate that some other factor must be taken into account if 
the annual variation is to be explained. 


The monthly means of cosmic ray intensity were corrected for the monthly 
changes in H using the coefficient —5-7°%,/km derived from the day-to-day correla- 
tions. The resulting variation in cosmic ray intensity corrected for the decay 
temperature effect is shown separately for the two recorders in Figure 2. This 
seasonal wave agrees well qualitatively with that found by Rav [7] with an ionization 
chamber under 40 m of water, his maximum being in June with an amplitude of 
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about 2%. It should be pointed out that with the high energy mesons counted with 
Rav’s arrangement (10’ev) the decay effect was negligible so that no correction for 
this was required. 


Positive temperature effect—DvPeErtER [4] has shown that the meson intensity at 
sea level as measured by his recorder is well correlated with the temperature of the 
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Fig. 1. Fig. 2. 
Fig. 1—The seasonal variation in cosmic ray intensity for the north and south directions together with 
the corresponding variation in the height of the 100 mb isobar and in the surface temperature. 


Fig. 2—The seasonal variation in cosmic ray intensity after correcting for the effect of ~-meson decay 
as deduced from day to day changes in the intensity. 


layer lying between the 200 and 100 mb isobars. He interprets the relation as due 
to the competing processes of capture and decay of the fast 7-mesons formed by the 
interaction of the primary cosmic rays with the air nuclei in that pressure range. 
An increase in the temperature of the atmosphere near the point of production of 
m-mesons decreases the density of the air and therefore decreases the probability of 
the 7-mesons being captured by a nucleus. Thus the 7-mesons have a greater 
probability of decaying into “-mesons which then reach sea level in greater numbers. 
An increase in the temperature of the upper atmosphere therefore produces an 
increase in the “-meson intensity at sea level. 

The corrected seasonal curve in Figure 2 appears to be just of the form to be 


expected from DUPERIER’sS positive temperature effect. DUPERIER has already 
pointed out that, on reasonable assumptions, the seasonal curve obtained by Rau [7] 
agrees with his hypothesis. 

Assuming a mean free path of 100 g/cm? for the meson producing primary 


radiation the average height of production for the mesons counted by our arrange- 
ment with its axis at 45° to the vertical corresponds roughly to that of the 50 mb 
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pressure level. A correlation was therefore carried out between the monthly mean 
values in 1949 of the cosmic ray intensity at sea level (the two recorders being taken 
together), the barometric pressure and the height H and temperature 7' of the 
50 mb isobaric level. The results were as follows where, for example, 7¢z, 47 and 
Los, ur are respectively the partial correlation coefficient and the regression coeffi- 
cient for the correlation between the cosmic ray intensity and the barometric 
pressure for constant height of the 50 mb pressure level and constant temperature 


at this pressure level. 
rop,u7 = —0°93 true absorption coefficient (fox, 77) = —2°07%/em Hg 
rou, pr = —9°89 true decay coefficient (fey, gr) = —4:22%/km 


ror, py = +0:75 positive temperature coefficient (for, gz) = +0-14%/°C 
There is clearly good correlation and it may be taken that the observed seasonal 
variation is adequately explained on this basis. 


As the radio-sondes at present only rarely reach such low pressures as 50 mb 
it has not yet been possible to carry out a similar correlation with day-to-day results. 
It is to be expected that such a correlation would yield similar values of the regression 
coefficients to those already quoted. 


DIURNAL VARIATION 


The diurnal variation measured by a recorder pointing along the axis of rotation of 
the earth (ELLIoT and DoLBEaR [8]) is similar to the annual variation shown in 
Figure 2 in that the daily variation has a maximum near mid-day and the annual 
variation a maximum at mid-summer. It was therefore of interest to examine the 
daily variation in atmospheric temperature to see how much of the cosmic ray 
diurnal variation could be accounted for by the same mechanism as that which 
produces the seasonal variation. 


Since the radio-sonde meteorological stations in Great Britain make four ascents 
per day the data can be used to determine the average values of the daily variation 
in temperature at various pressure levels. Harmonic analysis showed that the time 
of maximum was at 13 hr while the amplitudes in °C are given in Table 5. 


Table 5—Amplitudes in °C of the diurnal variation in temperature at 
different pressure levels 





Season 100 mb 80 mb 60 mb 





Spring 
Summer 
Autumn 
Winter 








Yearly mean 





It is evident that the temperature variation increases fairly rapidly with height 
and that the positive temperature effect is capable of producing a cosmic ray varia- 
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tion of the correct phase. In addition to the positive temperature effect however 
the effect of the decay of the ~-mesons must be considered. Due to the daily change 
in temperature throughout the atmosphere the height of any given pressure level 
in the atmosphere will be greater during the day than at night and because of 
/-meson decay this will tend to reduce the amplitude of the cosmic ray variation 
which is produced by the positive temperature effect. 


The 100 mb pressure level is the highest for which the height is given in the 
Meteorological Upper Air Data sheets and the diurnal variation in the height of 
the 100 mb isobar has been determined by a harmonic analysis of these data. The 
results from three years data, after correcting for the time of ascent of the balloons 
to 100 mb, are given in Table 6. 


Table 6—Amplitudes and times of maxima of the diurnal 
variation in the height of the 100 mb isobar 





Season Amplitude (m) |Time of maximum 


Spring 6 | 12 hr 48 min 
Summer 55: 12 hr 33 min 
Autumn y 12 hr 46 min 
Winter 26°: 12 hr 33 min 





Yearly mean 42-6 12 hr 38 min 





From the figures given in Tables 5 and 6 one can estimate the amplitude of the 
daily variation in height of the isobars lying above the 100 mb pressure level. 


Because of the rapid increase of the daily temperature variation with height the 
positive temperature effect becomes more and more predominant the higher the 
pressure level considered. At 50 mb, for example, about half of the observed daily 
variation can be accounted for. 

This estimate is however not very reliable because the large factor derived from 
the daily variation in height of the 50 mb isobar is rather uncertain since the latter 
is calculated from small temperature variations throughout the whole of the 
atmosphere. Any instrumental errors due to solar radiation may therefore be 
expected to have a large effect. 

It was shown in a former paper [8] that the seasonal change in the diurnal varia- 
tion of a north-looking recorder is characterized by a change in amplitude without 
any change in phase. This is in agreement with what we should expect from the 
behaviour of the atmospheric temperature variation (‘Tables 5 and 6). 


It has been shown in the preceding paper that the primary radiation is not 
completely isotropic. Now the trajectories of low energy primaries in the geomagnetic 
field are such that any lack of isotropy in the distribution of such particles will 
itself produce some daily variation in the intensity measured by a recorder pointing 
along the axis of rotation of the earth. It is likely therefore that part of the daily 
variation measured by such a recorder is due to this cause. 


This is borne out by the observation that both on days of high geomagnetic 
activity and for the days immediately following a magnetic storm the diurnal 
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variation for both a south-looking and a north-looking recorder is greatly increased 
in amplitude (see the preceding paper). 
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ABSTRACT 


The occurrence of ‘‘ sudden commencements”’ of geomagnetic storms at Lerwick is studied over a 
period of about 15 years, the movements being classified according to their form and also to the size 
of following disturbance. The forms taken by the ‘“‘ sudden commencement’? movements are very 
variable but are found to be related to the hour of occurrence. No marked relationship is found between 
this systematic variation of form and normal diurnal movements on either geomagnetically quict or 
disturbed days. The average effect of all Lerwick sudden commencements is shown to be opposed to 


the main disturbance field. 


1. INTRODUCTION 


Recent investigations [1], [2] into the nature of the characteristic ‘‘ sudden 
commencements ” (S.Cs.) which begin many magnetic storms have been concerned 
in particular with the diurnal distribution and also with the form taken by the S.Cs. 
at various stations. While studying the magnetograph traces at Lerwick (geo- 
magnetic coordinates 62-5, 88-6, geographic 60-1, 358-8) in order to test a suggestion 
by FERRARO and PARKINSON [2], the opportunity was taken to list various features 
of the individual S8.Cs. occurring at Lerwick, and the listed data were analysed to 
determine the main characteristics of Lerwick S.Cs. 


2. Data 


The data studied comprised the continuous magnetograph records from April, 
1934 (when a La Cour variometer replaced an older type at Lerwick) to December, 
1949. Most of the 8.Cs. included in the final list were clear cut, but there were also 
many cases where more or less sudden movements of the magnetograph traces were 
less certainly true 8.Cs. Two main criteria were used for deciding whether or not a 
movement should be included in the S.C. list. First, the movement must be sudden 
(an almost vertical trace on the normal time scale), and secondly, it must mark the 
commencement of increased disturbance, however small. Care was taken to exclude 
from the S.C. list the sudden movements (“ crochets ’’) which often occur simul- 
taneously with the more intense solar flares. The list included the date and time 
of commencement, duration of main stroke in H, amplitude and sign of the main 
stroke in H, D (force units) and V, and also of the preliminary stroke when present. 
Each S.C. was classified according to its form, three distinct types being recognized 
[2], [3] and a separate classification was made according to the degree of subsequent 


disturbance [1]. 


The total number of movements listed as S.Cs. over the period concerned was 
‘ 340, divided as follows: 
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Table 1 





Characteristic (form of S.C. or size of 
subsequent disturbance) 
Increase in H, no preliminary impulse 
Increase in H, preceded by smaller de- 
crease in H 
Decrease in H, almost always preceded 
at Lerwick by preliminary smaller 
increase 


Very large (range in H > 10007) 
Large (range 500-1000”) 
Moderate (range 250-5007) 

Slight or very slight (range < 2507) 





3. RELATION BETWEEN Form OF S.C. AND SIZE OF FOLLOWING DISTURBANCE 


As shown in Table 2, there appears to be no relationship between the form of the 
S.C. movement and the size of the following disturbance, except possibly for a 
greater tendency shown by a Type I S.C. to be followed by a large or very large 
disturbance, than is shown by either of the other Types. 


Table 2—Percentage frequency of occurrence of following disturbance 





Type of A B C D 
S.C. (very large) (large) (moderate) (slight or very slight) 


Ze 3 
12 14 
4 5 





4. AMPLITUDE OF MAIN IMPULSE 


Table 3 shows the mean amplitude in H of the main impulse (independent of sign) 
in relation to the different types of S.Cs. The main feature that emerges is that the 
S.Cs. which are followed by a very large storm have an appreciably larger mean 
amplitude in H than any other type of S.C. 


Table 3 





Mean A mplitude of 
Main Impulse in H (¥) 
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5. ANNUAL AND SEASONAL VARIATION 


(a) The yearly total of Lerwick S.Cs. was found to be correlated with (1) the 
corresponding annual sunspot number and (2) a measure of the corresponding 
annual magnetic activity at Lerwick (actually, the number of days in each year 
in which the range of H force at Lerwick ex- 
ceeded 150”). In both cases the correlation ak ie, x 
was increased when the S.Cs. of Type D were " YS 
omitted (Figure 1). The implied smaller cor- NS 
relation in the case of Type D S.Cs. is pro- \ 
bably at least partly due to the fact that 
this particular type of S.C. is less readily 
distinguished on the magnetograms during 
relatively disturbed magnetic conditions than 
when conditions are quiet. The actual values 
of the various correlation coefficients are given . N ~ 
in Table 4. SARA Si 
NNN 25 














Magnetic activity 
(Number of days Hrange > 150 ”) 
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Bealls Correlation 
Variables correlated a: ee 
Coefficient 


Annual Number of 8.Cs. (All Types) 
Annual Sunspot Number 


Annual Number of 8.Cs. (All Types) 
Annual Magnetic Activity 


68 


37 





Annual Number of 8.Cs. (Types A, B, C)| 
Annual Sunspot Number 


Annual Number of 8.Cs. (Types A, B, C) 
Annual Magnetic Activity 





Annual Number of 8.Cs. (Type D) ie 
Annual Sunspot Number ae 0 SBS 


T T re ; 
| pai: Number of 8.Cs. (Type D) — _ eins si 
Annual Magnetic Activity) 
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Annual Sunspot Number Fig. 1—Annual variation sunspot num- 
ber, Lerwick magnetic activity and 


Annual Magnetic Activity ye taoutie tik 





(6) The monthly totals of Lerwick S.Cs. and also the seasonal totals for Winter 
(November, December, January, February), Equinox (March, April, September, 
October), and Summer (May, June, July, August) for the years 1935-1949 (the 
S.Cs. of the incomplete year 1934 were not included) are shown in Table 5. 


The curve of monthly distribution (not reproduced) shows the main maximum 
of S.C. occurrence in March with a secondary maximum in September. The fact 
that these are the two months of the year during which the heliographic latitude 
of the earth is at a maximum, coupled with the equinoctial maximum of S.C. 
occurrence, tends to confirm that most S.Cs. occur when magnetic disturbance is 
greatest. 
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Table 5 





Month S.C. Total Month | S.C. Total 
January 30 July 
February 35 August 
March 38 September 
April 33 October 
May 23 November 
June 25 | December 





Season | Winter Equinox | Summer 


S.C. Total | 106 127 | 99 





6. Drrection oF Marin IMPULSE 


Examination of the signs of the three elements occurring inthe main impulse reveals 
that the form taken by 8.Cs. is very much more varied at Lerwick than, for example, 
at Abinger [1] (geomagnetic coordinates 54-0, 83-3). A negative stroke in H comprises 
about 1 in 3 of Lerwick S.Cs. as compared with only 7% at Abinger, while the 
combination of signs increasing H, increasing westerly declination, increasing V, 
though more common at Lerwick than any other single combination, comprises 
only about 25°, of Lerwick 8.Cs. as compared with 91° at Abinger. 


7. DtuRNAL VARIATION 


(a) The hourly frequency curve (Figure 2) for all types of S.C. over the period con- 
sidered shows narrow maxima at 03 and 21 hr G.M.T. and a narrow minimum at 
00 hr G.M.T. The three seasonal curves (not reproduced) separately show the 
00 hr G.M.T. minimum, but the 03 and 21 hr G.M.T. maxima appear less definitely. 
There is a conspicuous absence of maximum frequency in the afternoon and evening 
as previously found, for instance, for Colaba, Eskdalemuir [4], Ebro, Watheroo [5], 
Abinger. 
All types 
Types A,BC 


J 


ype D 








Fig. 2— Diurnal variation Lerwick 8.Cs. (all Types, Types A,-B, C, 
Type D). 


(b) The frequency curve for Types A, B, C (combined) shows an 03 hr G.M.T. 
maximum, while that for Type D shows a 21 hr G.M.T. maximum. Both curves 
show a minimum at 00 hr G.M.T. (Figure 2). 
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(c) Separate frequency curves for Types I, I, III S.Cs. (Figure 3) show distinct 
diurnal effects, clearly showing that the time of occurrence of the S.C. influences 
the form taken by the S.C. The main features of the curves are as follow, these 
features being separately shown also by the three seasonal curves (not reproduced). 


Type I: Maximum at 03 and 21 hr G.M.T. No occurrences at 00 hr G.M.T. or at 
06—09 hr G.M.T. 


Type II: Narrow maximum at 03 hr G.M.T., broad maximum 11-20 hr G.M.T., 
minima 05-10 and 22-02 hr G.M.T. With the exception of the minimum around midnight, 
these features are very similar to those of NEwTon’s curve showing the hourly frequency 
of all 8.Cs. at Abinger [1]. 


Type III: Main maximum 06-10 hr G.M.T. secondary maximum 21 hr G.M.T. 
minimum 12-18 hr G.M.T. 


Type 1 
Type I 
Type IT 





Number of occasions, 1934-¥s 





Fig. 3—Diurnal variation Lerwick S.Cs. (Types I, I, III). 


The main feature that emerges from the three variation curves taken together 
is that Type III 8.Cs. (main impulse in H negative) occur most often when Types I 
and II (main impulse in H positive) are least frequent, and vice versa. The tendency 
for negative H strokes to be accentuated from about 06-10 hr G.M.T. is also 
demonstrated by Figure 4 which shows the diurnal variation of the mean ratio of 
H force amplitudes, preliminary (negative) stroke: main (positive) stroke occurring 
in Type II 8.Cs. This ratio is at a maximum between about 06 and 10 hr G.M.T. 








9 betes 
Hour (@M7) 


Fig. 4—Diurnal variation of mean ratio of change of H force in 
preliminary: main stroke in Lerwick 8.Cs. 
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(d) As noted in Section 6 the combinations of sign of AH, AD, AV in the main 
stroke of Lerwick 8.Cs. are very variable. Examination of the various combinations 
for possible diurnal and seasonal effects yields the following results. 

Between 06 and 10 hr G.M.T., AH was predominantly, and AV almost invariably, 
negative. If a concentrated electric current system is to be supposed to produce 
these impulses, it would flow during these hours from an easterly point (EW) and 
would lie north of Lerwick. 

At hours other than between 06 and 10 hr G.M.T., AH was generally positive 
in all seasons, while AV was more frequently positive than negative. Between 23 
and 05 hr G.M.T., AD (increasing westerly declination) was positive on all occasions 
(34). The inference from an assumption of a concentrated current is that the flow 
during these hours is generally WE (between 23 and 05 hr G.M.T. from a point 
south of west), and that the position of the current system is more often north 
than south of Lerwick. 


8. RELATION BETWEEN THE S.C. MOVEMENTS AND THE NORMAL VARIATION CURVES 


The influence of the hour of occurrence on the form taken by the S.C. suggests a 
possible connection with the solar daily variation. For each of the elements, H, D. V, 
the mean change in S.C. (7.e., the mean difference between the value of the element 
immediately before the start of the main impulse in Type I, or of the preliminary 
impulse of Type Il or III, and the value at the end of the main impulse) was 
determined for each hour, and the resulting variation curve compared with mean 
curves (1935-1949) relating to quiet and disturbed days separately, and also with 
curves showing the average daily variation of the rate of change of the three elements 
on quiet and disturbed days. Although the sign and magnitude of the changes in 
the elements vary greatly at Lerwick in different S.Cs., there is a systematic 
variation in the sign of H force changes throughout most of the 24 hours, of D 
changes from 23-05 hr G.M.T., and of V changes from 06-10 hr G.M.T. The probable 


Mean H change in SC 
o—o Mean 4 variation (disturbed days, 


mae 6 22/( u variation (disturbed days) 





L \ 
Se \ 
Hour (GM7) 


\ 
\ 


Fig. 5—Diurnal variation of mean values (1935-1949) of H movement 
in Lerwick 8.Cs., and of H and dH/dt (on arbitrary scale) on disturbed 
days at Lerwick. 
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error in the position of the individual points on the S.C. variation curves should 
therefore not be so great as to conceal any relationship that may exist between 
the S.C. changes and those either of normal variation or of normal rate of change. 
The results of the comparison of the various curves (not all shown) are rather 
inconclusive, but suggest that no close relationship exists. 


(a) A relationship between the S.C. and normal variation curves (quiet or 
disturbed) would imply that the immediate cause of the S.C. is a sudden increase 
of the ionospheric currents which are regarded as giving rise to the normal variations. 
A similarity is to be seen between the S.C. AH curve and that of normal disturbed 
day variation (Figure 5), but since it is restricted entirely to daylight hours and is 


—— Mean D change in SCs 
o——o Mean D variation (disturbed days) 


ss Mean oe variation (asturbed days) 








Fig. 6—Diurnal variation of mean values (1935-1949) of D movement 
in Lerwick 8.Cs. and of D and d D/dt (on arbitrary scale) on disturbed 
days at Lerwick. 


—— Mean V change in $C 
o—o Mean V variation (disturbed days) 
~~~ Mean a variation (disturbed days) 








Fig. 7—Diurnal variation of mean values (1935-1949) of V movement 
in Lerwick S.Cs., and of V and dV/dt (on arbitrary scale) on disturbed 
days at Lerwick. 


not supported by any corresponding similarity between the D and V curves (Figures 
6 and 7), it is considered unlikely that the restricted H curve similarity represents 
a real relationship. 


(b) From approximately 00 to 16 hr G.M.T. there is a suggestion of a relation- 
ship between the AH variation curve in S.Cs. and that showing the variation of 
rate of change of H force on an average disturbed day. After 16 hr G.M.T. there 
is no resemblance between the curves, the S.C. curve remaining positive (in the three 
seasons separately as well as in the mean annual curve) while that showing dH /dt 
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(disturbed days) becomes negative (Figure 5). A similar (though more conclusive) 
result in respect of change of N force in 8.Cs. at Eskdalemuir was found by GOLDIE 
[4]. A relationship is also suggested by a comparison of diurnal variation of occur- 
rence of Types I, II, III 8.Cs. with the dH /dt (disturbed days) curve. Types I and 
II 8.Cs. (main strokes positive) have a maximum frequency at 03 hr G.M.T., a 
minimum 06-10 hr G.M.T., and Type IT has its main maximum 13-15 hr G.M.T.: 
Type III (main stroke negative) has its main maximum frequency 06-10 hr G.M.T., 
its minimum at about 15 hr G.M.T., and a secondary maximum at 21 hr G.M.T. 
These occurrences appear to be closely related to maximum positive values of 
dH /dt at 02 and 12-13 hr G.M.T., and maximum negative values at 07 and 20 hr 
G.M.T. However, a maximum occurrence of Type I 8.Cs. at 21 hr G.M.T. appears 
anomalous. If this apparent connection between the diurnal form of H in 8.Cs. 
and of dH /dt (disturbed days) were real and were supported by similar relationships 
in D and JV, it would imply that the S.C. movement is a sudden increase in the rate 
of change of magnetic force that would normally be progressing on a disturbed 
day, due presumably to a sudden increase in the normal rate of change of the 
ionospheric currents which produce the disturbed day variation. This possibility 
does not appeal as being likely, and since it is not in fact supported by any obvious 
similarity between the AD and AV S.C. curves on the one hand and on the other, 
the daily variation curves dD/dt and dV /dt (disturbed days), the similarity between 
the H curves is unlikely to represent a real relationship. 


9, RELATION BETWEEN S.C. AND MEAN DiIsTURBANCE VECTORS 


The predominance of WE current flow, deduced in Section 7 (d) as the immediate 
cause of Lerwick S.Cs., is in contrast to the well established facts concerning the 
main disturbance field. On disturbed days the net balance of current flow is EW, 
with a WE flow predominating in the local evening, and a flow in the reverse direction 
in the morning hours [4], [6]. This contrast between the average effects of S.Cs. 
and of the main disturbance field is shown also by the mean vectors [5] (Figure 8). 
The disturbance vector in Figure 8 is the mean of the differences international 
(D-Q) days over the period 1935-1949. The S.C. vector is the mean change (obtained 
as described in Section 8) occurring in Lerwick 8.Cs. over the same period. The 
horizontal and meridian components of the two vectors are shown seasonally and 
annually. The 8.C. vector can be seen to be more or less opposed to the disturbance 
vector D, to a greater extent in the horizontal than in the meridian plane. The two 
vectors also contrast in their equinoctial values, the S.C. vector having then a 
seasonal minimum, and the disturbance vector a maximum. 


The reliability of the means represented in Figure 8 is doubtful, particularly in 
the case of the S.C. vector owing to the complex nature of Lerwick 8.Cs. The features 
that emerge when the vectors corresponding to 8.Cs. Types I, II, III respectively are 
separately considered in relation to the disturbance vector (Figures 9, 10, 11) 
indicate, in fact, that the vector representing all Lerwick 8.Cs. is probably composed 
of two distinct types. The figures show that Types I and II 8.Cs. are largely opposed 
to the disturbance vector, and have a low (in the case of Type I a marked minimum) 
equinoctial value. The Type III S.C. vector, on the other hand, has, like the disturb- 
ance vector, a maximum value in the equinox and acts largely along the line of this 
vector, although it does not reproduce the distinctive winter feature displayed by 
the disturbance vector of being directed downwards. 
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10. SUMMARY 

S.Cs. occurring at Lerwick from April 1934-December 1949, classified according to 
their form and to the size of following disturbance, are examined statistically. The 
form of the 8.C. is found to have little, if any, connection with the size of following 
disturbance, but the amplitude of the main impulse of the S.C. is related to some 
extent to the size of the following disturbance. The 8.Cs. are rather more frequent 
during the equinox than during the winter or summer, and there is a relation between 
the annual number of S8.Cs. and (1) the mean annual sunspot number and (2) a 
measure of the annual magnetic activity. The form taken by the 8.Cs. is much 
more varied than has been found for stations in lower latitudes, but a definite 
variation is found in the form of 8.C. according to time of occurrence. Attempts 
to correlate this variation with either the normal variation or the rate of change of 
normal variation on quiet or on disturbed days are largely negative. It is found 
that the average effect of Lerwick S.Cs. is mainly opposed to that of the main dis- 
turbance field, due apparently to a numerical predominance of S.Cs. which act in 
opposition to the disturbance field over those in which the action is along the main 
disturbance field. 
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ABSTRACT 
Complications in the structure of Region H# of the ionosphere are discussed in the light of experimental 
(h’, f) curves. The experimental curves are compared with theoretical curves calculated for various 
model ionospheres. While some of the observed complications appear to be due to subsidiary regions 
of various kinds occurring together with the simple Region EH, others appear to be due to irregularities 
or “ ledges ” in the normal Region £. 

Examples of stationary and moving ledges are given. Some of the consequences of the presence of 
scattering centres are discussed and a typical experimental record shown. 


-1, INtTRopucTION | 

It is well known that experimental (h’,f) curves plotted for pulses of radio waves 
reflected from the ionosphere often reveal that Region H has a complicated structure. 
Although this fine structure has been frequently commented upon, very little 
detailed attention has previously been paid to it. The most detailed investigation 
was that of HALLIpAy [5] who made accurate measurements of the virtual height (h’) 
and drew interesting conclusions about the occurrence of different types of “ ledges ”’ 
and “ abnormal #-regions ’. Best, FARMER and RATCLIFFE [2] noted some of the 
complications which often occur in Region £, mainly for the purpose of recognizing 
with certainty the normal behaviour of that Region. 


During the period April 1949 to March 1950 a series of accurate (h’,f) records 
was obtained at Cambridge for the purpose of investigating in detail the fine structure 
of Region EF. It is the purpose of this paper to describe the deductions made from 
the records. These deductions concern the vertical distribution of electron density 
and the way in which this distribution changes with time. This paper is descriptive 
only, no attempt being made to suggest how the deduced distributions of electron 
density could be produced. 


2. NATURE OF THE RECORDS 
A sketch of an actual record taken at 0815 hr G.M.T. on August 10, 1949 is given in Figure 1. 
Frequency calibration marks were applied automatically at 200 ke/s intervals. These were 
derived by beating the local oscillator signal of the superheterodyne receiver with a reference 
200 ke/s signal. Since the frequency of the local oscillator was adjusted by a servo-system to be 
accurately equal to the mid-frequency of the transmitted pulse +0-465 Mc/s, the frequency 
marks on the particular record shown occur at 2-035, 2-235, 3°635 Me/s. Interpolation 
between the calibration marks gives a maximum error of + 20 ke/s in frequency measurements 
made from these records. The time taken to cover the range of frequencies shown was 4 min. 

The scale of virtual height which is shown on the record was derived from a 15 ke/s oscillator 
which was triggered synchronously with the transmitter. The accuracy of this height-mark 
oscillator was maintained by checking it against a crystal oscillator. 

It is a common practice to measure the virtual height as the difference between the start 
of the ground pulse and the beginning of the pulse received from the ionosphere. For accurate 
measurements of virtual heights this manner of making the measurement is not permissible 
since the apparent width of the returned pulse depends on its amplitude and on the amount it 
is spread in its passage through the dispersive ionosphere. It can be shown that, with a properly 
designed receiver, the delay of the centre of a symmetrical pulse should not depend on the 
amplitude, although of course the width of the received pulse will vary with the amplitude. 
Measurements of the virtual height were therefore made to the centre of the recorded pulse. 
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Experimental checks showed that, provided the echo was not subject to excessive lengthening 
due to a large amount of scattering, the virtual height deduced by measuring to the centre of 
the pulse did not depend very much on the amplitude of the pulse. Figure 1 illustrates the 
results obtained. The gain was changed at the point marked A so that to the right of A the 
amplitude was less than half that to the left, but it is seen that the centre line at C, shown 
dotted, represents the same virtual height. To determine the zero of the height scale the 
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amplitude of the ground pulse was reduced to approximately that of an echo returned from the 
ionosphere and the centre of its trace was used as zero. This new zero is shown as the dotted 
line at B in Figure 1. 


When this technique was applied, the overall error in the measurement of virtual heights 
was less than +3 km. Variations in virtual height on a single record, due to alteration of the 
echo amplitude, were certainly less than + 2 km. 


Rough and Smooth Records—Between A and E in Figure 1, a striking feature of the 
record is the irregular variation in the apparent width of the recorded echo. This 
variation in apparent width is brought about by a variation in amplitude of the 
echo as the frequency is changed. On the other hand, the record from D to F indicates 
no such irregular changes in amplitude. The type of record typified by AZ is called 
“rough ” whilst that typified by DF is called “smooth ”’. Recently the fading of 
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radio waves reflected from the ionosphere has been studied by RaTcuirFE [10] and 
Briees [4]. These studies lead to the conclusion that, when the amplitude of an 
echo varies irregularly with frequency, it is reflected from an ionosphere which is 
irregular in the horizontal plane, but when it does not fluctuate, the ionosphere is 
smooth. The record AE which has been called ‘“‘ rough ” hence arises from a rough 
ionosphere and that portion DF, which has been called ‘‘ smooth ”’, from a smooth 
ionosphere. For both types of record it is possible to draw a good mean curve 
yielding an accurate (h’,f) curve. It is obvious that this technique is essentially 
the same as that of Hatiipay [5], who found the maximum of the pulse by differen- 
tiating it and noting where the differential passed through zero. Either method 
may be used when the echo from the ionosphere contains only one main pulse. 


3. SoME GENERAL THEORETICAL POINTS 
A brief resumé of some of the principles underlying the interpretation of experi- 
mental (h’,f) curves will be given in this section. For the sake of simplicity, the 
ionosphere is assumed to be stratified horizontally and consideration of the effects 
of losses and of the earth’s magnetic field is postponed. 
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(i) A very simple ionosphere might have the electron density distribution given 
by the curve ABCD in Figure 2a. The theoretical (h’,f) curve calculated for this 
layer has the shape A’B’C’, where the virtual height at C’ (at the penetration 
frequency fp) is infinite on the simple ray theory but not infinite, although very 
large, on a wave theory or when the effects of losses are included. Signals of 
frequency greater than fp will pass completely through this region and, unless 
returned from a higher region, will be lost. This ionosphere may be complicated 
by the presence of additional layers. These subsidiary layers and their contributions 
to the experimental (h’,f) curve will be considered in turn. 
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(ii) Add to the simple region ABCD the sudden increase of electron density 
DJEF and assume that the great electron density is maintained above DF. The 
electron density distribution curve is then ABCDJEF. The first part of the (h’,f) 
curve will be the same as before. For frequencies just greater than fp, the signal will 
travel past C and then be reflected from the higher layer at J. This pulse will be 
greatly retarded in its passage through the maximum at C. As the frequency is 
further increased this retardation will diminish until eventually, at a very high 
frequency, the pulse will be nearly unaffected by the presence of the region ABCD 
below the sharply reflecting boundary D/JEF. The (h’,f) curve will thus have the 
shape A’B'C’E’F’ as shown in Figure 2a. The virtual height of the “ tail” C’E’F’ 
decreases with increasing frequency until it is nearly the height of the layer DF. 

(iii) Instead of being above the maximum, let the sharply reflecting layer of 
electrons be very near the maximum of the simple region. If the subsidiary layer is 
again very dense the ionization density distribution will be given by the curve 
ABCGN. The (h’,f) curve will then be of the form A’B’C’G'N’. It is seen that, at 
the higher frequencies, the virtual height again approaches the actual height of the 
sharply reflecting layer. 

(iv) Let this layer with its lower boundary at the maximum of the background 
region be now limited in electron density and let the former dense sharp layer at 
the higher level DF still exist so that the curve ABCGEF represents the electron 
density. The (h’,f) curve will obviously be the same as before up to G’. Then the 
signal will cease to be reflected at the level CG but will pass through this layer 
CGED and be reflected at the level DF. There will be considerable retardation just 
past G’ to yield the (h’,f) curve A’B’C'G'L'M’. 

(v) Consider now the effects of a moderately dense, very thin layer on the 
(h’,f) carve. Place this layer below the maximum of the simple region and retain the 
highest sharp region as before so that the electron density distribution is given by 
the curve ABHBCDJEF. The portion of the (h’,f) curve A’B’ will be the same as 
before. At higher frequencies reflections will occur from the sharp layer BH, the 
signal being still retarded appreciably by the electrons below BH, thus giving the 

tail ’ B’H’ to the (A’,f) curve. On the simple ray theory this thin layer will be 
penetrated at H’ and reflections will then occur from the higher level DF. The 
more complete wave treatment shows that the transition from the lower level to 
the higher one will be gradual and the amplitude of one echo will fall off with 
frequenc y as the amplitude of the other increases. This effect has been treated by 
RaAweER [11] and others. Since the layer of electrons BH is very thin, and will thus 
not have much effect on the signal passing completely through it, reflections from 
the upper layer DF will behave as though the thin layer did not exist and the final 
part of the (h’ .f) curve will be the same as for the situation described previously in 
(ii). The complete (h’,f) curve for this case will thus be given by the curve 
A’B'H'P'E’F’. The only measure of the thickness of a sharp layer which is provided 
by the (h’,f) curve is derivable from the shape of the retardation curve for signals 
which pass completely through the layer and are reflected from some higher region. 

(vi) In Figure 2b, the theoretical (h’,f) curve has been computed for a region 
made up of two overlapping simple layers to give the ionization density curve ACFGE. 
The (h’,f) curve A’C’ is the same as before. The portion C’F’G’ represents reflec- 
tions from ionization densities in the range CFG. There is a large amount of retarda- 
tion at C’ due to the presence of the layer below C and also at G’ as the signal 
penetrates the upper layer near G. 
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Shapes of the Retardation Curves—In Figure 2a there are four differently shaped 
retardation curves which have been produced by electrons occurring below a sharply 
reflecting region. These curves viz B’H'k’, C'G'N’, C'E'F’, L'M, have been drawn 
here neglecting the effect of the earth’s magnetic field. It is important to note that 
the inclusion of this effect in the calculations gives a noticeably different shape to 
these curves, both for the ordinary and extraordinary components. This is to be 
discussed more fully in a forthcoming paper in this journal by WHALE and SHINN [12]. 
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Fig. 3. 
4. NOMENCLATURE 
There has been considerable confusion in the literature in the nomenclature applied 
to the various types of layer discussed above. These sharp layers have been variously 
labelled sporadic EH (H,), abnormal EF (E,,,), ledges, Ly, EZ, layers ete. Rather than 
attempt a new classification which would almost certainly be incomplete. the layers 


will be described as belonging to one or another of the types illustrated in Figure 2. 


5a. Turn Smootnx Recions BELOW. THE MAxtMuM OF REGION FL 
(ABHBCD or Ficur®e 2a) 


Some examples of thin, smooth regions are given by the experimental (h’,f) curves 
sketched in Figure 3a. The full line curve UV WX Y¥ is the (h’, f) curve obtained during 
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a few minutes around 1101 hr G.M.T. on September 28, 1949. The portion UVW 
of this experimental (h’,f) curve is similar to the portion A’B’H” of the theoretical 
(h’,f) curve in Figure 2a. The lack of any very large group retardation near V 
indicates that the subsidiary region which was responsible for the trace VW was 
below the maximum of normal Region EL. The two dashed (h’,f) curves in Figure 3a 
were taken at later times on the same day. They also indicate the presence of the 
same kind of subsidiary region below the maximum of normal Region £. 

An unusual feature of all these experimental curves is exemplified by the portion 
XY in Figure 3a. In terms of Figure 2a, this would correspond to the curve X’C" 
which arises through reflections from normal Region #. Since the shape of the 
curve is not very different from what would be expected were there no subsidiary 
region, it may be inferred that the subsidiary region giving the curve VW was very 
thin. Thus, the experimental (h’,f) curve UVWXY in Figure 3a could have repre- 
sented normal Region # with a thin subsidiary region such that the electron density 
distribution was like the curve ABLBXCD in Figure 2a. 

An interesting feature of the subsidiary region shown in Figure 3a is that its 
height decreased regularly with time. On this particular occasion, the subsidiary 
region appeared rather suddenly near the top of Region H, moved down as shown, 
and was finally lost when the region as a whole became rough and the experimental 
(h’.f) curves were unusable. 


5b. SmootH Recions NEAR THE Maximum OF ReEGIon HL 

(ACGCD or Figure 2a and ACGE or Figure 2b) 
In the (h’,f) curves mentioned above, h’ did not become very large before the sub- 
sidiary region was penetrated. However, in very many cases h’ did become very 
great, showing that the subsidiary region was at or above the maximum of Region £. 
This type of (h’,f) curve is shown in Figure 3c. The full line curve is for 0830 hr 
G.M.T. on May 11, 1949. The two dashed curves are for 0840 hr G.M.T. and 0845 hr 
G.M.T. on the same day. The curve for 0830 hr G.M.T. should be compared with 
A'C'F'G' of Figure 2b, while that for 0845 hr G.M.T. should be compared with 
A’C'G' of Figure 2a. An interesting feature of summer time records of this type is 
the manner in which the penetration frequency of the subsidiary region varies. 
Starting at 0830 hr as a fairly gradual subsidiary region somewhere near the 
maximum of Region E, this region became, during the next quarter of an hour, 
progressively sharper while its maximum electron density increased. Later this 
process reversed, the sharp region becoming again a gradually increasing region by 
0915 hr G.M.T. 


5e. Tuick SMootH REGions ABOVE THE MAXIMUM OF REGION E 

In the winter, at Cambridge, another layer, sometimes called an £,-layer, was 
frequently observed in the mornings above the normal Region Z. An example of 
the (h’,f) curves obtained on such occasions is given in Figure 3d. The curves are 
shown for both the ordinary and the extraordinary components. These curves differ 
from the type shown in Figure 3c in that the subsidiary region, shown at A and B 
on the ordinary and extraordinary records, in this case appears to be much higher 
than there. The curve C refers to the ordinary component which passed completely 
through Region £ and was reflected from Region F. 

This higher region # usually appeared first and then the lower region E grew 
beneath it as the sun’s altitude increased. Both increased in electron density, the 
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lower more rapidly, until by an hour or so after ground sunrise the higher region 
was obscured by the lower one. 

In the evenings the lower region disappeared first so that records like the one 
shown in Figure 3d were very often obtained in the winter evening about an hour 
or so before ground sunset. 


5d. OTHER SMOOTH REGIONS 
MeNIcoL [7] has classified some of the so-called abH-regions occurring at Brisbane 
with special attention to an abH#,-region. An example of a similar region which often 
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occurred in Cambridge during the winter is shown in Figure 4a. The distinguishing 
feature of this region is that it could often be observed forming by apparently 
‘ breaking away ”’ from Region F and then losing height. This process is illustrated 
by the series of curves shown. 

The full line curve (1) for 1015 hr G.M.T. shows normal Region # with Region F 
showing a curious “ledge” at frequencies near 2-7 Mc/s. The succeeding dotted 
curves 2, 3, 4 and 5 are for 1020, 1027, 1030 and 1033 hr G.M.T. and are drawn for 
the maximum of Region # and for the subsidiary region which loses height on the 
(h’,f) record. The final full line curves (6) at 1040 hr G.M.T. show the subsidiary 
region and Region £ as it is usually seen. 

This subsidiary region differed from the thin smooth regions discussed in Section 
5b in that its penetration frequency did not vary in the manner usually found for 
similar regions occurring in the summer. 

It was suggested some time ago by APPLETON, NAISMITH and INGRAM [1] that 
some types of E,-region were formed from a layer which appeared to come down 
from Region F. 


6a. RovuacH SUBSIDIARY LAYERS WITH SHARP IONIZATION GRADIENTS 


Regions which were observed below the level of the maximum of normal Region Z 
and which gave echoes at frequencies greater than the penetration frequency of 
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Xegion H were usually rougher than the thin layers discussed so far. Reflections 
from upper layers could frequently be detected through these layers, probably 
because they were patchy and contained clouds of greater electron density so that 
parts were transparent and parts reflecting. If the layer was very irregular, reflections 
would be received from places well away from vertically overhead and the returned 
echo would thus consist of many ov erlapping pulses. 
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6b. SCATTERING FROM RovuGH REGIONS 

Spreading of the echoes by reflection from low scattering centres may be so pro- 
nounced that the #-region penetration is almost completely obscured even though 
reflections are being obtained from it. On these occasions the records were like the 
one sketched in Figure 5b. The penetration of normal Region # by the ordinary 
ray on this occasion occurred at a frequency of 2-45 Mc/s and is shown at C on the 
record. The peak at C has been ascribed to penetration of Region HE by comparison 
of this record with many adjacent records, on some of which the penetration was 
more clearly marked than on this one. On the record two “ spurs ’, A and B, can 
be seen extending upwards to the right. It is these two spurs which are of interest 
here. 

Consider a layer of scattering centres just below the reflection level as shown in 
Figure 5c. If the vertical incidence penetration frequency is f,, the penetration 
frequency at any other angle of incidence, %, is f, sec’, so that, for a frequency fo 
sec w, there will be no scattered waves of the type shown for angles of incidence less 
than /. If some of these scattering centres are of dimensions comparable with the 
wavelength employed, it has been shown by BooKER and GorpDon [3] that scattering 
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will take place mainly in the forward direction. For angles of incidence greater than 
y, the scattering angle (25) becomes greater and thus the energy scattered back in 
the direction of the transmitter will become less. It thus appears that, provided the 
size of some of the scattering centres (i.e. the scale of some of the random irregulari- 
ties) is comparable with the wavelength employed, the strongest scattered echoes 
of the type considered at a frequency /, sec will be received from a direction} away 
from the vertical. Neglecting the group retardation in the normal Region L, the 
height recorded for these echoes will be nearly given by h=h, sec % (where h, is 
the vertical height of the reflecting layer). The following two relations then hold: 

J=fo secys 

h=h, secy 

therefore h/ho=f/fo 


If now the height of these stronger scattered echoes is plotted against frequency, 
a straight line passing through the point (h=0, f=0) should be obtained. This 
graph for spur A is shown in Figure 5a and it can be seen that a reasonably straight 
line is obtained. If the lower spur (B) is due to reflection of the other magneto-ionic 
component, it should similarly give a straight line meeting the zero height line where 
the frequency is equal to the expected separation of the two components viz about 
0-67 Mc/s in this case. A line through the observed points parallel to the first meets 
the zero-height line at 0-65 Mc/s, which, in view of the considerable simplifications 
which have been introduced, is reasonably close to the predicted value. 


bc. Low RouGH THIN REGIONS 
During the winter in Cambridge a thin rough region was often observed just below 
the normal Region #. This region has been noticed previously by Hatirpay [5]. 


The appearance of the (h’,f) curve when one of these regions was present is shown 
by the portion AB of the curve in Figure 4a. 


7. Very Low Reaions 

On February 21, 1950 an intense 8.I.D. produced a large phase anomaly [6] on the 
Cambridge records of very long waves. This started at 1012 hr G.M.T. and lasted 
till about 1115 hr G.M.T. The (h’,f) apparatus recorded some remarkable echoes from 
low levels, at first of 85 km and later of 80 km. These echoes gave rise to (h’,f) 
curves of the type shown in Figure 4b and persisted till 1200 hr G.M.T. The records 
of the normal Region EF were a little difficult to read because of the presence of 
scattered echoes, but the very low reflections were quite distinct. There were also 
present, at this time, the curiously similar reflections shown in the diagram at the 
higher level of 120-130 km. 


8a. LEDGES IN REGION EF 

From Figure 2b it can be seen that the relatively small discontinuity at C in the 
ionization distribution curve leads to a very large cusp in the (h’,f) curve. In dis- 
cussing 2b the region ACD was taken as the normal Region EF and CFGE as a 
subsidiary region. If, however, it appears, from the continuity of measurements of 
the penetration frequency, that the maximum of the normal Region £ is at G, the 
cusp in the (h’,f) curve at C’ is taken as indicating that there is an inflection at C 
in the curve of ionization density’ against height: an inflection of this type will be 
called a “ledge”. 


241 





H. A. WHALE 


A complicated system of ledges and subsidiary regions was revealed by the 
(h’,f) curve in Figure 3b. This could be interpreted as showing the normal Region # 
with a thin (not sharp) subsidiary region ab below the Region E maximum. The 
retardation near b of the portion bc seems to indicate that be represents a subsidiary 
region above the maximum of the normal Region £, since this retardation appears 
to be much greater than could be caused by the thin region ab alone. There is still 
another region above this, shown by the portion de. Its thickness would appear to 
be a little greater than that of the region ab. The small gap cd in the record is a 
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Fig. 6. 


consequence of the thickness of the region bc. This apparent gap between the 
reflected and transmitted echoes at a penetration is rather greater than would be 
expected from the usual simple theory of (h’,f) curves, but can be shown to be 
consistent with the theory when the effect of the earth’s magnetic field is included. 
It is due to the abnormally large retardation and correspondingly greater absorption 
which occur for the ordinary component near the maximum of a layer. 


While, in general, it is unusual for small ledges to remain at the same place in 
Region E for very long, there are occasions when they may persist for some time. 
The complicated system shown in Figure 3b persisted for 13 hr, all the critical 
frequencies i.e. a, b, c, d and e, increasing together with the sun’s altitude in the 
normal way. 


8b. Movine LEDGES 
The ledges just discussed remained at a fairly constant height. Sometimes, however, 
smaller ledges were observed moving downwards through Region H. These occurred 
at all times of day, but were first observed in the morning records. In Figure 6a 
the penetration frequency of normal Region E is plotted for the morning of June 24, 
1949 and it is seen that the penetration frequency appeared to increase in steps. 
It was during an attempt to find a reason for these steps that these rather small 
moving ledges were noticed. In Figure 6b some (h’, f) records taken at 6 min intervals 
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near 0700 hr G.M.T. have been drawn. These curves indicate the presence of 
subsidiary ledges of ionization corresponding to the points A and B on the (h’,f) 
curves. The critical frequency of these ledges decreased as time went on. The ledges 
appeared near the top of Region £ at intervals of about half an hour and disappeared 
at the bottom of Region EF at the same rate. Each ledge took about 1 hr to move 
10 km vertically so that its downwards velocity was about 3 m/sec. There may have 
been some horizontal velocity associated with this downwards velocity, but this was 
not detectable from observations taken at only one place. 


The curve of Figure 6a, which shows the penetration frequency as a function of 
time, can now be interpreted in terms of a steady increase of electron density on 
which are superimposed periodic sudden increases of electron density produced by 
waves which run downwards through Region # with a quasi-period of half an hour. 
The same type of record was sometimes obtained during the afternoon, when the 
background (normal Region £) electron density was steadily decreasing. 


Moving ledges have also been observed in Region F by Martyn [8] and Munro 
[9]. These, in general, are much larger than those observed here and move downwards 
with much greater velocities. 


Moving ledges in Region E of the type discussed above have so far only been 
observed moving downwards. The quasi-period at which they pass through a given 
level is usually about half an hour as for the examples given. In this connection, it 
is perhaps worth noting that, on occasions in the summer when a thin sharp region 
could be observed expanding into a thicker layer with smaller maximum electron 
density and then again becoming a very thin layer with a high maximum electron 
density, the mean period was often also of the order of half an hour. 
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ABSTRACT 


It is shown how a differential analyser can be used to facilitate the calculation of ionospheric distributions 
of electron density directly from observed (h’, f) curves by previously known methods. It is pointed 
out that the simple method, in which the earth’s magnetic field is neglected, leads to inacceptable results. 
A modified method by which the effect of the earth’s field can be approximately allowed for, is described 
and it is shown that, when this method is employed, feasible results are obtained. 


1. INTRODUCTION 

When experimental data are available showing how the equivalent height (h’) of 
reflection of a radio wave at vertical incidence on the ionosphere varies with the 
wave frequency (f) it is usually considered that enough information exists to deter- 
mine the distribution of electron density with height. In most of the methods which 
have been used [2], [6]-[8], it has been assumed that the group velocity of the 
ordinary wave has, at each height, the value which it would have if the earth’s 
magnetic field did not exist. If the group refractive index is ~’ and the phase re- 
fractive index yu, it is well known that under these conditions py’ =1. 

With these assumptions two different methods have been used for deducing the 
distributions of ionization. In the first, a simple series of distributions of ionization 
are assumed, the resulting (h’,f) curves are computed and are compared with the 
experimental ones and that giving the best fit is then taken to correspond to the 
actual distribution. The simple distributions usually assumed when this method is 
used correspond to “parabolic” [2] and “‘ CHapMAN ”’ [5], [8] layers and yield smooth 
(h’.f) curves which can be usefully compared with the experimental curves obtained 
with reflections from Region F. 

The (h’.f) curves obtained for waves reflected from Region E are not, as a rule, 
as smooth as those which refer to Region F. Often small subsidiary cusps appear 
and there is frequently a trailing echo, showing more or less group retardation, 
beyond the main penetration frequency. The upper curves of Figure 2 show some 
examples. For the interpretation of more complicated curves of this type, a second 
method, first introduced by APPLETON [1] and DE Groot [4] seems more suitable. 
This method |6]-[8] also depends on the assumption that wy’ =1 for the ordinary 
wave and leads to a method of deducing the distribution of ionization density 
directly from the (h’,f) curve. In the present paper a conveniently rapid method of 
carrying out the calculations with the aid of a differential analyser is described and 
some experimental (h’,f) curves recently obtained with waves reflected from Region 
E are treated by this method. It is shown that they lead to inacceptable results, 
presumably because the effect of the earth’s magnetic field has been omitted. 

When the earth’s magnetic field is present it can no longer be assumed that 
fu’ =1. A modification of the method is therefore described by which the effects of 
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the earth’s magnetic field can be introduced into the calculations in an approximate 
way. The application of this method to (h’,f) curves yields reasonable distributions 
of ionization even in those curves where the simpler treatment led to inacceptable 
results. 


2. Direct CALCULATION IN THE ABSENCE OF ANY MaGnetic FIELD 
Many authors [1], [4], [6], [7], [9], have considered the problem of deducing the 
curve relating the electron density (V) to the height (A) directly from the observed 
(h’,f) curve. In most of the methods suggested, the effect of the earth’s magnetic 
field is neglected. Thus PEKeErIs [7] proceeded as follows. The virtual height h’ (/) 
is given by the expression 

db 
h'(f) =| 
(N=(% 
ae [ dz 
J 1—f,? (2) /f? 
where h'(f) =virtual height measured at the frequency f 
z=height measured upwards from the bottom of the layer 
So vd 
f,” (z) =function of z proportional to the electron density at each height z, and 
such that f, represents the critical frequency appropriate to that 
height. 
Since f, is a function of z, equation 1 may be written in terms of f,, provided z is a 
single-valued function of f,, by putting 


Gf.) =dz/df, 


af G(f.).f-Ufe (2) 
| eae | 


This equation (Abel’s Integral Equation) may be inverted, as is well known, to give 


Then h'(f)= 


cP 

Zid h’ (f).df 

G “a — Af =F = = 
(f, 17 df, A V fo — f? 


d 


f 

21 th’ 

therefore 2 (f,) = = as if af 
ja ee 


=2 (72 ph’ (f, sin ).d€ 
7/0 
on making the substitution 


f=ho sin gE 


Equation 5 can be used, as follows, to find z(f,), the height at which the electron 
density is just sufficient to reflect a wave of frequency f,. The observed (h’,f) curve is 
replotted with a linear scale of £(€=sin f/f,) replacing the scale of f and the area 
under this curve is integrated by a numerical or mechanical method. The integra- 
tions must be carried down to the frequency at which the (h’,f) curve becomes flat. 

The process of redrawing the experimental (h’,f) curve on a new scale and then 
integrating to obtain the area under the curve must be repeated for each point 
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required on the actual height curve. For the relatively smooth experimental curves 
often obtained for Region F, not many points need be calculated. But for the very 
complicated (h’,f) curves usually obtained for Region H#, the number of points 
necessary may be very large and the calculation may be tedious. 


3. ANALYSIS OF RESULTS FOR REGION EH WITH THE EARTH’S 
FIELD NEGLECTED 


The author has recently obtained a series of detailed (h’,f) curves for Region #, and 
these have been treated by the method just outlined. With the complicated type of 
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(h’, f) curve usually obtained for Region HL, the repeated redrawing and integrating 
would become very lengthy, but it has been found that the whole process of convert- 
ing the (h’,f) curve to a new scale and carrying out the integration can be performed 
in one operation on a differential analyser. The work was done on the differential 
analyser in the University Mathematical Laboratory, Cambridge, which has been 
described by CRANK [3]. The process of conversion is reduced by this means to the 
repeated following of selected portions of the (h’,f) curve and of a reference curve. 


The set-up of the differential analyser is shown diagrammatically in Figure 1*. 
The two sets of crosswires A and B are moved vertically by means of the two crank- 
handles shown and horizontally by means of the two shafts labelled A’ and B’. 
The experimental (h’,f) curve was first drawn out with a logarithmic frequency 
scale and placed on input table No. 1. Before the machine was started, the vertical 
position of the crosswire A was set on the line representing zero height 7.e. the flat 


* For further details of the operation of the integrators or other parts of the machine, the book by 
CRANK mentioned above will be found very helpful. 
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portion of the curve mentioned above, so that any future displacement of this pointer 
vertically was a measure of h’(f). This vertical displacement was transmitted to the 
integrator, the zero of which had been set so that there was no displacement when 
crosswire A was on the line of zero height. The horizontal movement of this cross- 
wire was controlled by the vertical movement of crosswire B on input table No. 2 
on which was drawn the reference curve labelled y=0 in Figure 4. 
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The horizontal position of crosswire A on input table No. 1 was set at f, so as 
to specify the particular electron density, N, whose height of occurrence z(f,) was 
required. 


The crosswire B on input table No. 2 was set on the reference curve at 
£—90° i.e. at z in Figure 4. After this initial setting up of the differential analyser, 
crosswire A was moved vertically till it lay on the (h’,f) curve so that the integrator 
was displaced an amount h’(f,,). The machine was then set in operation by rotating 
the shaft labelled £ (Figure 1). Both handles were turned in such a way as to keep 
the crosswires A and B on their respective curves. This process was continued till 
A had reached the place where the (h’,f) curve became flat. 
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Now, suppose that, at some intermediate stage in this process, the shaft § had 
turned through an angle (90°—£). Then the reading on the reference curve would 
be (&, sin £). Crosswire A on input table No. 1 would thus be at {f, sin€, h’(f, sin §)}. 
A further small rotation d£ would give an increase in the integral, as recorded on 
the output revolution counter, of h’(f, sing).dg. The total recorded integral would 


thus be proportional to z( f,) since 


2( fo) a | We sin £). d&, 


the integration having been continued down to the place where the (h’,f) curve be- 
came flat. The numerical value of this integral would appear on the output revolution 
counter attached to the integrator and would provide the result required. It was 
a simple matter to calibrate the equipment by using a flat (4’,f) curve at a height of 
10 km. 

In Figures 2a and 2b are shown two experimental (h’,f) curves and the distribu- 
tions of electron density (proportional to f,7) deduced from them in this way. In 
Figure la the integration could not be continued beyond the place where h’ became 
infinite near K. The result obtained for the electron density up to this point is 
shown in Figure 2a J. ? 

In Figure 2b, h’ does not become infinite and the integration could be carried 
up to the end of the record. The result is shown in Figure 2b. This result does not, 
however, appear to be reasonable since it implies that the electron density has two 
different values at one and the same height. This contradiction is presumably the 
result of neglecting the effect of the earth’s magnetic field. 

It can be seen in the following simple way that the neglect of the earth’s field 
might give rise to an anomalous result of this kind. WHALE and STANLEY [10] 
have shown that the magnetic field increases the virtual height near penetration 
so that the peak on the recorded (h’,f) curve of Figure 2b would be higher than if 
no field were present. When, therefore, a form of analysis which neglects the field 
is used, it is not surprising that the resulting distribution of ionization shows a 
spurious peak corresponding to the penetration frequency. It is obviously very 
desirable to have a method of analysis in which the field is taken into consideration. 


4. CALCULATIONS INCLUDING THE EFFECT OF THE EARTH’S MAGNETIC FIELD 


It has previously been shown that the integral equation 
h'(f)=| w'(z).dz 
can be inverted, provided that it can be assumed that 
(7) 


Equation 7 only holds, however, if the earth’s field is neglected, and in general 
#’ is a much more complicated function of f,?(z) and f?._ Computations of the type 
recently discussed by WHALE and StanLey [10] enable yz’ to be determined as a 
function of f,°(z)/f?* for any given frequency and direction of wave propagation. 


_ * Wate and Srantey, following APPLETON, use the symbols «=f,?(z)/f? and y=fy/f. where fz 
is the gyrofrequency at the height considered. 
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Figure 3 shows the results of such calculations performed for the region of SE 
England where the magnetic dip is 67°. The values of yw’ refer to the ordinary wave 
and the frequency is given in terms of the parameter y=f;/f. The ordinates are 
plotted on a reciprocal scale in order that the curves may be kept within reasonable 
limits. 
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Fig. 3. 


The curve for y=0 represents the conditions under which Equation 7 holds. 
It is clearly possible to change any of the other curves into a curve of this shape by 
altering, in a suitable way, the variable plotted along the horizontal axis. This can 
be done by replacing f by ¢(f), where ¢(f) is a complicated function of f. When this 


has been done, Equation 7 may be written 


(7a) 


If it can be assumed that the function € retains the same form over a small range 
of frequencies, say from y=1/2 to y=1/3 (the range which is normally of most 
interest in investigations of Region #) the integral may be inverted as before. If 
the previous analysis is then followed through, equation 5 becomes 


(8) 


where 





H. A. WHALE 


The problem is now merely one of redrawing the reference curve used on input 
table No. 2 so that the logarithmic scale of frequency is converted into a logarithmic 
scale of £(f) while the calculation is being performed. Two of these new reference 
curves, for y == 1/2 and y =5/16, together with the curve for y =0 used in the previous 
calculations, are shown in Figure 4. It is obvious that the errors introduced by 
taking a reference curve somewhere between those for y=1/2 and y=5/16 will be 
much less than those arising from the use of the curve for y =0. 
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Fig. 4. 


The above mentioned method for including the effect of the earth’s magnetic 
field has been used in the calculation of some ionization distributions from (h’,f) 
curves observed for Region EZ. The results of these calculations are shown in Figure 2. 
The ionization distribution curve of Figure 2a IZ is deduced from the (h’,f) curve of 
Figure 2a. It should be compared with Figure 2a J which represents the results of 
calculations in which the effect of the earth’s field is neglected. 


The main effect to be noticed is that the layer is in reality thinner than it had 
appeared previously. In both these curves very large cusps in the virtual height 
curves show as small inflexions in the distribution of electron density. Figure 2b IT 
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shows the ionization distribution deduced from Figure 2b when the effect of the 
earth’s magnetic field is included. When it is compared with Figure 2b J, which is 
calculated on the assumption of no field, it is noticeable that whereas Figure 2b J 
requires the inacceptable occurrence of two different values of electron density at 
the same height, Figure 2b IJ requires a feasible distribution. 

The errors introduced by the assumption that the reference curve had the same 
shape over the frequency range considered are only of the order of a few per cent 
and do not show on the scale to which these curves are drawn. They are of the same - 
order as the experimental errors in obtaining the (h’,f) curves. 

It is interesting to compare the deductions made in a similar way from the two 
(h’,f) carves of Figures 2c and 2d. The electron distribution deduced from 2c shows 
a small region AB with a sharp gradient of electron density near the maximum of 
Region £, while that deduced from Figure 2d shows a region CD with a more gradual 
gradient of electron density. Several examples of electron distributions of this type 
have been deduced and some interesting facts about them are discussed in another 
paper which has been communicated to this journal. 


5. CALCULATIONS FOR THE EXTRAORDINARY COMPONENT 
Although the case of the ordinary component is the most important in practice, 
it is of interest to see, at least in outline, how calculations could be made from the 
extraordinary component. 
RyYDBECK [9] suggested the following method when propagation was quasi- 
longitudinal. In this case the expression for the (phase) refractive index, ~, of the 
extraordinary component can be reduced to the form 


HP=1—fy"[fr? (9) 
If —fa) = fr’ 


Then, if a “group refractive index”, p’pz, is defined by the relation 
H’p=OUufr)/Ur 
1 


= ie (10) 


by writing 


f rfo=t 
Hi h' (f)df Pn fu’. dz (11) 
fay a 


H 


The second term may be regarded as a correction to be applied to the experi- 
mental (h’,f) curve before the integral can be inverted. This term is easily evaluated 
and the correction applied to give a new value (say H’(f)) on the left hand side of 
Equation 11 which may now be written 


nSp dz 
A’ (f) -| i-ft@/fs (12) 
1— on z 2 
f,=0 fo? (2)/Fp 
This equation may be inverted in the same way as Equation 1. It is thus possible to 
derive the electron distribution from the experimental (h’,f) curve for an extra- 
ordinary component which travels always under quasi-longitudinal conditions. 
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The calculation is exact, provided that quasi-longitudinal conditions can be 
assumed but it is of interest to see how far the same methods can be employed when 
this assumption cannot be made. 

It may first be noticed that it is convenient when dealing with the extraordinary 
wave to consider ju’ as a function of (f,?/f?)/(1 —y)*, and curves showing this relation 
for SE England are given by the continuous lines in Figure 5. The dotted lines 
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Fig. 5. 


represent the corresponding curves for the longitudinal case, and it is clear that no 
very large errors will be introduced by assuming that exactly longitudinal conditions 
apply. 
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Indices of geomagnetic activity 
OF THE OBSERVATORIES ABINGER (Ab), ESKDALEMUIR (#s), LERWICK (Le) 


JANUARY TO DECEMBER 1950 


The figures given on pages 255 to 260 represent the K-indices 
for three-hour intervals, beginning with 00-03 hrs for the first 
and ending with 21-24 hrs for the eighth figure. 





BOOK REVIEW 


Witkes, M. V.; Oscillations of the Earth’s Atmosphere. Pp. x+76, with 23 figures. Cambridge 
Monographs on Physics. Cambridge University Press: 1950. 12/6 net. 


In the first of the five chapters of this book, the author gives an interesting brief account of the lunar 
and solar semidiurnal oscillations of the atmosphere—the air-tides, if this term be understood to signify 
motions of tidal type but possibly or partly of thermal as well as of gravitational origin. The facts are 
ascertained mainly by analysis of the daily variations of the barometer; more recently ionospheric data 
have been similarly analysed with most remarkable results, showing lunar ionospheric tides whose 
range in height is to be measured in kilometres rather than in metres. 


The second, third and fourth chapters summarize the mathematical theory of these tides so far as 
this has yet been developed. It was founded by Lapiacer and has been developed particularly by 
Lams, G. I. TAyLor and PEKERIS in recent years. The main result is to confirm the hypothesis first 
advanced in 1882 by KELvINn, that the unexpectedly large magnitude of the solar air-tide, fifteen times 
as great as the lunar air-tide, is due to resonance with a free period of oscillation of the atmosphere, of 
tidal type, of a few minutes under 12 solar hours. The existence of this free period is shown to depend 
on the peculiar distribution of air-temperature with height, up to at least 100 km. An interesting 
analogy is drawn between the upward flow of the energy, gravitational or thermal or both, that excites 
the tides, and which is introduced into the atmosphere mainly near the ground, and the propagation of 
electromagnetic radiation in a medium of non-uniform refractive index. It is shown that the high degree 
of resonance magnification shown by the solar 12-hourly air-tide indicates that the known region of 
rising temperature above the stratosphere must be overlaid by another region of falling temperature, 
leading to a minimum of temperature somewhat below 100 km. 

In the fifth chapter the results are discussed, in relation inter alia to ionospheric and geomagnetic 
data. Many but not all of the past difficulties hindering general acceptance of the resonance theory have 
been cleared away. The seasonal and annual changes still await quantitative explanation. 

The volume is an excellent introduction to a subject that still offers much scope for further 
development. SyDNEY CHAPMAN (Oxford) 
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3323 3334 y 3313 3333 22 3312 2333 
3223 2421 3212 2421 3222 2331 
3221 1131 |} 3110 1221 2210 1222 
3232 1353 22 | $232 1343 | 3332 1253 
1021 122: y 1001 1223 | 1211 1113 


Centon rwnw = 


— 
SCOERBDAAGSNEP WD 


— et 
em OOD = 


























February 1950 
K-Indices | || K-Indices |  K-Indices 








1212 2131 | | 0@22 1481. | | 1211 1121 
1154 4432 | 2 1143 3431 | : | 1143 5542 
1134 4354 | 25 || 1183 3248 | 2 || 1123 3353 
2123 3554 2% | 2122 2463 | : | 2112 3453 
2311 2331 | $s 6 ff )6=— 2321 «1381S 5 || 2821 1331 
0131 3321 | O82 3321 | 5 || 0121 2211 
1312 3235 | 2 | 1312 32384 | 9 || 1312 2235 
1222 3333 | 9 | 2222 2323 | 3222 2334 
4221 1343 | ¢ | 3112 1243 | 7 || 3122 1243 
lll lie | | 1001 1101 5 || 2101 1102 
1112 2103 | | O112 2008 | 9 | 1111 1013 
3011. 1981 | |} 2201 1221 | | 2012 1221 
1112 1210 | 1121 1110 | 1111 1110 
1212 1221 = | 2: See |} 1201 1121 
2113 1232 | 2163. 2198 | 5 | 2112 1121 
1013 1212 | | 1002 2112 & fs tas 
1022. 1100 | | 0102 1100 5 | 1112 1100 
1022 1323 || 1002 1232 | 1011 1221 
1222 2213 |} 1112 1108 1111 1102 
3213 3588 || 2212 3599 || 2112 2598 
6644 4454 d || 7743 4444 | || 7953 4445 
4333 3454 | | 32383 3463 | | 4333 3343 
3225 5466 | | 2214 4455 | 27 || 3123 6477 
5554 2145 | : | 5643 2144 | 29 | 6743 2145 
5343 3211 | 22 (|| 4833 3211 | |} 4422 2211 
0112 1110 | 0012 1110 | § =|) «©0001 0110 
0013 3212 | 1012 3112 | 0002 2111 
1233 2211 1133 3212 | | 1132 2211 
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K-INDICES 


March 1950 





Ab Es Le 
Range for K=9: 500y Range for K=9: 750y Range for K=9: 1000y | 
K-Indices 


K-Indices Sum K-Indices Sum Sum 


2001 
1210 
2311 
3222 : 0112 
2112 | ieee BG. 
2233 3221 
3322 4333 
1213 3121 
2210 2211 
0200 2112 
0001 2112 1001 
LiOl 2204 
0011 1231 
1112 2341 
4532 3221 
1222 2210 
1122 1013 1122 
1112 Ol1l 8 1121 
5642 36 2355 6642 oe 2354 6643 
2111 1342 ; 2110 232 2 2110 2342 
2324 4443 26 2324 : 26 2333 5553 
4433 3244 . 4433 3235 25 4442 2233 
3222 2213 2122 - 2213 2111 2103 
4432 2323 4442 2223 25 5543 3222 
2431 1121 2431 : f 3441 1221 
1113 3124 1212. 23s 2112 2115 
5433 3455 5433 3485: 32 5433 3455 
2123 3213 REZS «2135 : 2223 -2112 
1243 3332 1243 332: : 2233 3322 
2232 3211 2121. 3 2112 23t1 
0133 4434 0023 32 ; 0122 4424 


Cline Co bo 


oo 


“10 bo bo ¢ 


Cw =I 





April 1950 





K-Indices Sum -Indices Sum = || k-Indices 





4443 4455 4354 30 5532 3366 
2445 29 5353 «3446 
3355 27 4223 3466 
3443 A | 3444 4544 
4465 32 4333 4786 
3344 26 5443 3356 
3332 6432 3332 
2210 3222 3220 
3311 1012 3322 
2123 3321 2213 
1232 1212 1222 
3312 2343 3212 
2100 4312 2111 
2112 Q111 2123 
4223 1332: 3213 
3334 1021 3334 
2233 ¢ $212 2333 
3343 22 3322 2343 
3343 2 3332 4564 
2243 25 3552 1245 
1310 : 2202 1211 
2211 0012 1211 
3323 2 1223 3324 
3534 6543 3533 
2210 2322 1210 
1222 2100 2 2100 1111 2100 
0011 2133 1132 O1ll1 2132 
1122 3334 ( 22 3334 ( 1122 3335 
4123 3333 22 Z1é 3333 22 5312 4443 
3443 3443 2% 2432 4443 2 4533 5654 


aor WN 


9S Orbs Ol sI WwW be 


I 
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K-INDICES 


May 1950 





Ab | Es Le 
Range for K=9:750y || Range for K=9: 1000y 


K-Indices 0 K-Indices Sum || Day 





2232 15 
3456 24 
3376 37 
2446 27 


2232 

3345 

4455 

2444 

3433 3333 2! 

3333 3334 

3313 5121 2213 

2122 | Be SERB, Say. 

0100 1211 j 2211 

1112 2233 : | 2 2214 

3133 4422 2H |. BBLS 3392 

1211 0222 2 0331 

2332 2333 2 3332. 2233 

3223 3233 2 3322 2334 

4332 3453 2 322 3453 

2332. 2333 2 2322 2344 

2012 2222 5 aad 3232 

2111 1120 7 eel | kama: > 1220 

0101 2330 =| 0011 2321 

1111 2333 5 1112 2323 

22 |. Qoiis 2900 5 4311 2221 

0023 5 22 || 0023 4433 0013 4433 
4344 35 : || $343 4443 28 | 3333 5544 
4322 233: 22 || 3221 1232 i Se 1222 
3122 343: ‘ 2112 2433 ; 2112 2323 
3233 3332 y+ 2233 3431 é 3223 3431 
2332 5545 2° 2232 4546 2! | $822 4557 
6545 35 || 6555 3443 35 || 3765 3443 
3423 33 26 3323 4433 25 3323 4333 
4423 34382 | 26. || 8822: 3422 y 3532. 3322 
2211 2 | I. 220) S553 : i 22 2113 


bobo bo Ot 


Re boh kee 
me OO DS Wb bo 


c-1 eo 
© 00 1D Crh OO bD = 


ae 
mS SO CO 1S Ol WS DD = 


— ee 
+m CO bo 
Db bo — - OOO 


_ 


U 


—_ 
me r= DODO DO DO = bo 


mem -1 bo 





June 





K-Indices Sum K-Indices Sum Day 





2323 3524 y f -Qgge sass 22 2323 3414 23 
4423 2335 26...| 22 1335 pa 5432 1335 26 
3223 3442 25 || 329s: 3442. |" 23 3323 3432 23 
3211 3311 5 aa ye 12 2321 3321 ii 
3121 2331 ) 2221 23% 5 2221 

3443 5643 3: | $3433 5635 26 4443 

2122 3311. | ! 2 32 2111 

1131 3324 : 232% 0012 

4523 4433 | 

4334 4333 

3122 3323 

3222 3223 2F 2222) - | 

RISE: Sie a 1110 
132)... 3221 5 222 : 222 2210 
JHIS SIRE: | 2 2 | ( 2 1110 
0001 3441 | ‘ | 0002 33: : 

3333 3332 2% 2332 

2122-3220 : 122] 

2211 0221 | 2211 

0112 3231 : | 0111 

E2NE 2483. | Pee 

252m 4955 Os | 2313 

3222 3355 | 2 3212 

4554 4343 | 3:3 | 4554 

3234 3134 ; | 3234 

3321 3122 H 3322 

BE?" 932k =" I) BES? 

3122 3111 | | 2Ra 

0112 5554 | § | OF : 2 4666 
5523 4444 : | 5633 4434 2 33. 4434 


“IS Ole bo 


DISA R We 
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K-INDICES 
July 1950 


Ab Es | Le 
Range for K=9: 500y Range for K=9: 750y || Range for K=9: 1000y 
| 
| 


| 

8 | 
4113 4323 2 3222 3323 20 | «4322 3228 
1312 2222 5 1210 2211 0 | 1211 120 

| | 

| 








K-Indices Sum K-Indices Sum 


S 
S 
—~ 


K-Indices Sum 





| 
ica 





O112 3444 ¢ 0011 3444 17 || lll 2347 
5432 4433 28 5432 3333 26 || 8541 3334 
3313 3334 a 3312 3333 21 || 4423 2333 
3123 3421 3222 3421 19 | 38322 232) 
2213 3324 ‘ 2212 2323 7 1 68 ee 
2121 3200 2221 3200 12 || 2222 3200 
2332 4431 25 2331 3331 19 | 3331 3321 
1212 3422 1212 2322 | 15 1212 2321 
4213 5455 2 39212 5445 | 26 ‘(|| 4212 4456 
5534 3333 26 6543 3333 | 30 || 8633 3334 
5424 5332 28 4424 4232 25 || 4424 4332 
2132 3333 : 2132 2233 is |} gi82 sa33 
3222 3432 , 3321 3332 | 20 || 3821 3332 
2334 2211 ( | 99939 1212 | 15+ ]| 2338 2212 
3231 2230 j 3121 1221 5 - | Ser “S221 
2123 3211 5 2212 2211 | : | 2212 2111 
2111 3311 ‘ 1111 3311 | 9 | 1412 2211 
2222 2222 ; 1202 2221 29 || ° 312. 2229 
3213 3343 2: 2112 3333 > Ff Siis se 
3324 3221 : 2323 3120 5 ll. eggs: 228) 
1011 2111 8 1011 1110 >; «ff 61111) «(0111 
3445 3444 . 3444 2444 29 || 2434 2356 
5543 4332 2 5543 4332 29 || 6743 4342 
0122 2322 1110: 2222 | Ba 2222 
1112 4232 | hehe “see2 -: 4 1112 3221 
4322 2223 ; 4320 2223 | 4421 1223 
3223 3332 2 3222 2332 ¢ | $812 2332 
3213 4332 : 2213 3321 | 7 |): 28h 3232 
2333 3443 2: 9309.. 9883 || 4 |. 9392 -2833 


StU Oo be 


ov 


CeOAAgP OD 











August 1950 





K-Indices Y | K-Indices 








3333 3: 26 3323 4432 | :§ | $332 3333 
3333 435! 27 3332 4353 26 «|| 3332 3343 
4323 33 26 4323 4433 26 || 5423 4323 
3313 33% 2 2222 3322 2212 3322 
1111 333% j 1110 2233 | 3 | hh Sa 
Age? 2 | $132 3833. 4 ( 4312 2323 
3324 4546 ‘ 3314 3447 | 29 || 4413 3439 
6565 43: 7564 4334 36 =| = «9683 «3334 
3443 4545 3: 3433 4545 | : || 4434 5546 
3433 5565 ‘ 3323 4564 | : 5423 4465 
4434 ‘ : 4334 3444 | 29 || 5533 3334 
4444 343: 2¢ 4443 3333 2 | 4643 3333 
2323 9323 3332 | 3: || 9322 3333 
3334 53: 28 2333 4293 | 22 || |2323 3323 
4342 2332 2: 3332 2321 | 9 i 3821 222) 
3132 2112 1102 | 2111 1102 
1112 1100 2111 ) 111 2111 
9212 2435 ‘ | 2111 2334 || 2112 2355 
4355 6766 é 4344 7878 5 || 6544 8888 
7656 3425 35 || 9766 3322 : | 9866 3322 
3144 2: 2143 3431 ‘ | 2143 3431 
2132 23: 1122 2320 3 || 2121 2321 
3023 2325 3; | 2113 2293 ; if 2112 2313 
1123 { ‘ 1012 1213 2002 1223 
3233 2 3 6 || «= 2201 «1210 | 3211 2111 
0121 2 ¢ | QO11 1112 | 0001 2212 
3113 222 ' 2101 2222 2 || 2001 2221 
3233 3% ‘ | 3223 3534 2! 2223 3444 
3333 2% 25 || 3332 4423 | 3432 4334 
4332 2: oslo] Saas seek 6 4322 2331 
0133 332 1122 3311 | 1121 2321 
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K-InpDICcHS 
September 1950 





Ab | Es | Le 
Range for K=9: : || Range for K=9: 750y Range for K=9: 1000y 





K-Indices K-Indices | Sum K-Indices Sum | Day 





I. 
1212 2212 1111 221: ll | 221: 10 
1112: 1132 ik} 20 tO 215 10 
2444 5556 1343 5566 a 5577 | = 35 
5344 3445 | ‘ 6344 33 || «= 6344 = 
5555 3555 5445 E | 36 || 6444 4665 39 
4444 4444 | 4444 31 || 6644 4344 | 35 
3234 4333 | 3233 24 || 4233 4333 | 2 
2345 3565 | 1344 55 CU]: | 80d]: 244A 3454 

5323 2343 | 4322 2243 21 || 5Sea2 2242 

5213 3443 5222 344: 25 || 5411 3443 

4433 2334 | 4422 113: 20 4522 1234 

3233 3111- | 3123 15 || 4133 3111 

2123 2443 | ; | 2823 : 20 || 2112 2353 


COUNMP MPP Whe 


oe 
KSOMYS Shwe 


— 
wm OO 


1212 2212 1112 : |} 1111 1111 
0013 2211 0012 : | 1011 2201 
2114 4544 2113 4! 2 || 2113 3444 
2333 3444 | 1332 3: é || °2232 3455 
4343 4334 2 4233 432 2 | 6332 3334 
4224 4135 25 422: 5 24 || 4223 3237 
5434 4443 | 5434 q 7533 3443 
3312 2131 | 3312 11: | 332% 113) 
0111 2211 | 0001 22 5 6} 6 «1101s 2.111 
0124 3455 é | 1123 34: 23 || 1123 2455 
4323 4556 | || 4212 4456 ‘ | 7412 4456 
5343 3545 : | 4333 § 4333 3546 
3233 2353 p 3112 2% , | 5121 2354 
2223 2232 | 8222 1222 - | | 3122 1222 
1123 2122 0022 211% || 0112 2222 
1112 1111 9 | 1010 Sb }. OO18 1133 
1122 1354 | 2322 194 || 1011 1344 


— 
SH Or 








October 1950 





K-Indices K-Indices | | K-Indices | Sum || Day 





4544 4445 | : | 6644 5445 
4555 4565 : 6644 4576 
4443 3463 | ‘ 5543 3465 
4443 4563 k | 5443 4563 
3433 3455 | d | 4333 3455 
4233 2434 | 2 | §233 2435 
4333 4444 Z 5433 4454 
4222 2300 | f 1 4222 2311 
3223. 2532 | j i. Gaae. BESS 
2EE2 FES "| 5a 2101 1213 
1120 1321 2110 0320 
3322 2234 | 2 3322 1234 
2221 2132 = | j | 2921. 2592 
5434 4645 35 5433 4667 
5431 2334 25 | 7622 2334 
4344 5443 | , 4333 6454 
3243 3443 26 | 4333 3444 


4454 5546 
3455 5565 
4444 4564 
5444 4563 
3433 3455 
3334 3444 
4333 4444 
4323 3311 
3224 3112 
2111 1213 
1121 1331 
3423 3334 
3222 2243 
5434 5544 
5432 2334 
4344 4544 
4243 4443 


CHAD OR Whe 
SIH Or w= 


2111 1112 | | 111 1012 
0011 2123 | | 1011 2123 
000) 1121) | > | Hh a2 
0002 3433s 5 || 0101 3433 
4222 2994 | § | 42292 2293 
$121 2212 | |} 2122 2212 
2102 2123 | 2111 2113 
2112 2122 1122 2122 
0011 2211 | O11 1112 
3455 5676 | 4445 5797 
5444 4556 6543 4557 
5433 4455 | | 7643 4565 
4434 4455 5434 5455 


2111 1112 
1122 1233 
0012 1121 
0112 3434 
4333 3234 
3223 2212 
1102 2223 
1223 3232 
1012 2221 
3455 5565 
5354 5556 
4434 5555 
5434 5565 


| 
| 
| 
| 
| 
| 
2233 2322 | | 2933 2999 | 2133 1222 
| 
| 
| 
| 
| 
| 
| 
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K-INDICES 


November 1950 





Es Le 
Range for K=9: 500y Range for K=9: 750y Range for K=9: 1000y 


| 
| 
| 
| 


| 


Sum K-Indices Sum K-Indices Sum Day 


me oo | 


e.5 


D HO Ot 7 Or | 


5743 

2124 

1000 2141. £01) 

1OOL O00] 1101 0001 
2302 2222 : $302 1221 
1210 0122 ¢ 1210 0132 
3353 4442 28 3353 5443 
3231 2323 ‘ 4331 2333 
2142 2434 22 3232 3434 
3332 3344 4332 3344 
2112 2232 s2i2 -2a33 
0012 J013 O00L 1012 
1100 1122 1101 1122 
: 2121 2343 2122 2243 
0012 325: } 0002 2242 1002 2243 
2999 2110 0000 2211 1001 
OT72 -22 0011 1211 blli 61421 
0013" 213 é 0000 1034 1011 1034 
2113 3545 : 2101 3445 y Z1OlL: -2535 
4112 213: 3000 1123 4011 1123 
Lit? : ( 0000 1445 L1G) «P35 7 
5334 5334 ‘ 8433 5434 

4445 4554 3! 5534 4664 

4434 4454 32 5533 4454 

3433 4464 : 4333 4474 

4232 3344 2: 5322 3244 

3322 . 1348 7 3322 1343 


_ 


WwWoww 


OUYSKSHPwwe | 


OIF wOmmuct 





December 1950 





K-Indices Sum K-Indices Yum || Day 





1211 1110 8 0211 1111 
1222 2322 16 1211. 6132) 
1112 «©2333 11J1 1134 
0110 995 8 0101 1132 
2011 1243 

Liss: 2211 

Soli: FESS 

1112 2333 

3221 21 

i211 - 2533 

1101 «#1111 

0232 1255 

7433 3376 

6512 1367 

2222 ‘2133 

2212 1122 

1102 1121 

3111 2241 

3121 2242 

11l1l~ 1134 

3101 1022 

1112 3675 

4443 3423 27 5433 3325 
3233 3644 2 4333 3554 
4333 4344 28 4333 4344 
4234 3443 2 4333 3433 
3333 2234 2 3333 2234 
2222 2322 2222 ° 2222 
1222 «1122 = 1112 1112 
: : § 3001 2233 3011 2233 
OO11 211: ¢ 0010 0102 0011 41101 
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Ionospheric thermal radiation at radio frequencies 
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ABSTRACT 

Radio noise on medium frequencies consists largely of man-made noise and atmospherics, but it should 
also contain a component due to thermal radiation from the ionosphere. This thermal radiation from 
the ionosphere has been identified and measured. It is very weak, corresponding to an effective temp- 
erature of about 300°K, or a field strength of about 10 * volts per metre in a frequency band of one ke/sec, 
under the conditions of observation. It is necessary to minimize man-made noise and atmospherics by 
observing during the midday hours at places remote from electrical machinery. 

These observations introduce a new method for studying the electron temperature in the absorbing 
(and emitting) part of the ionosphere, which, for the frequencies used, is at a height of about 70 or 80 km. 
The measured temperatures, 240 to 290° K, agree with other observations of temperatures at these 
heights. 

CONTENTS 
INTRODUCTION 
METHOD OF OBSERVATION 


1 Equipment and procedure . : 
2 Relative contribution of ground wd innaaiadie 


RESULTS . : : 
1 Typical diurnal veuiaken ok: receiv wed: noise . 
2 Recognition and elimination of certain known types “a noise 
(a) Atmospherics (local and distant) 
(b) Man-made noise (local and distant) . 
3 Observed magnitude of the base-level 
IV DISCUSSION OF RESULTS 
V CONCLUSIONS 
APPENDIX: aaa for ote « efficioncy ‘Saheie?* 


I. InvTRopUCcTION 


The radio-frequency noise picked up on an aerial originates in various ways. 
medium frequencies principal components are atmospherics and noise originating 
in electrical machinery. In addition to such known sources there must exist a 
background of radiation of thermal origin. This radiation has been neglected 
because, as will appear later, its level is exceedingly low and it does not constitute 
an appreciable source of interference in radio communication. The interest in this 
radiation lies in the fact that, if recognized, it can be used to derive information 
about the temperature of the ionosphere. 

This paper describes observations undertaken in an attempt to identify and 
measure such thermal radiation from the ionosphere. The underlying idea was to 
observe noise under conditions such that the components due to electrical machinery 
and atmospherics would be as low as possible, in the hope that they might prove 
much less than the thermal component. Thus the observations were made far from 
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towns, and during the midday hours on frequencies between 1 and 2 Me/sec, so 
that long distance propagation should be very poor. 

An aerial receives thermal radiation from those bodies around it which are 
capable of thermal emission. From the reciprocal laws of emission and absorption 
of radiation these bodies are those which are capable of absorbing energy radiated 
by the aerial—in this case the Earth and part of the ionosphere. The “effective 
temperature’ of the aerial due to thermal radiation will therefore be a weighted 
mean of the temperature in these two regions. The effect of the ground can be 
allowed for. The electron temperature in the appropriate part of the ionosphere 
can thus be derived from the effective aerial temperature, provided the latter can 
be measured and shown to be due solely to thermal radiation. 

The last point is difficult to establish; in this paper circumstantial evidence is 
used. It is shown that there is a lower limit, or, strictly, a small range of values, 
to which the measured effective aerial temperature often falls, and below which it 
does not fall. This is strong evidence for a constant background source. This 
source is identified with thermal radiation from the ionosphere because its magni- 
tude agrees with the computed values of between 200° and 300° K derived from the 
currently accepted model of the ionosphere. In the course of the observations some 
criteria have been established indicating the presence of noise components other 
than thermal, but the recognition of these, particularly when they are a few tens 
of degrees only in magnitude, remains a serious difficulty. At worst, however, the 
method gives values which are rigorous upper limits to the mean electron temperature 
in the region which absorbs the waves. 

Noise intensities may be specified in terms of an r.m.s. field strength per given 
bandwidth, or an effective aerial temperature. The latter is used in this paper. It 
is defined as the temperature of ‘‘ black ”’ walls of a hypothetical enclosure completely 
surmounting the aerial which, in the frequency band accepted, would give a mean 
available power at the aerial terminals due to thermal radiation, equal to that 
actually observed. The unit is the degree Kelvin. This mode of specification is 
quite general and does not presuppose radiation of thermal origin, though it is 
obviously convenient in discussing such radiation. 

The relation between the component of r.m.s. field strength in a given direction 
in a frequency band B, and the equivalent aerial temperature, 7, is derived by 
equating the available power due to the assumed thermal source to that due to 
the given field strength E acting on a short loss-free aerial. Thus 


ee od 


2 Ta 
where k is Boltzmann’s constant (= 1-37 x 10-3 joules/degree), h is the effective 
height of the aerial and 7, is its radiation resistance. 

For a Hertzian doublet of length, and hence equivalent height, h, 7,80 2? 
(h/A)? where 2 is the wavelength. Hence 


= ao, eB, 
EH? = 320 3 


= 4:34 10°% - T, (volts/m)? in m.k.s. units. 


262 





Ionospherie thermal radiation at radio frequencies 


For a wavelength of 150 metres, a frequency band of 1 ke/sec and an effective 
aerial temperature of 300° K, a value commonly occurring in our observations, the 
r.m.s. field strength is 0-76 10~® volts per metre. This field strength is several 
orders of magnitude below the threshold of sensivity of most communication receiv- 
ing systems. 

Published measurements of atmospheric noise levels for midday, at wavelengths 
of about 150 metres, show great diversity. Thus THomas and Burggss [1], in their 
survey of radio noise, give measurements of which the lowest (winter in England) 
is a few decibels below 1 microvolt per metre, as measured with a receiver of 10 ke/sec 
bandwidth. In contrast, the Bureau of Standards [2], in their predictions of average 
noise level over the world, give a minimum of 0-0025 microvolts per metre (polar 
regions) and a value of 0-011 microvolts per metre for both England and south- 
eastern Australia in winter, for a receiver bandwidth of 6 kc/sec. These values are 
quoted as being exceeded only 10% of the time. In terms of effective aerial tem- 
peratures the above values become 

(1) Thomas and Burgess, England (winter), 5x 107 °K. 

(2) Bureau of Standards, polar regions, 300° K. 

(3) Bureau of Standards, England and south-eastern Australia (winter )104 °K. 

The writers mentioned above attribute the noise to the integrated effects of 
atmospherics. Because of the diversity and uncertainty of such results, and because 
of our interest in minimum values rather than the degree of interference with 
communication, new observations were undertaken. 


Ii. Merrnop oF OBSERVATION 
1. Equipment and procedure 


Observations were taken on normal communicationtype receivers connected to 
horizontal half-wave dipole aerials suspended as high as practicable. Calibration 


was performed using diode noise sources. The equipment was supplied from 
batteries. The arrangement is indicated in Figure 1. The half-wave horizontal 
aerial was connected to the receiver through a balanced feeder and transforming 
network. This network was adjusted, through the use of an impedance measuring 
gear, to make the impedance at A equal to that of the dummy aerial and calibrating 
noise source at D. The output from the receiver passed to a recording milliammeter, 
and head-phones were available for aural monitoring. 

The dummy aerial consisted of a resistor R across which a temperature-saturated 
diode was connected with suitable direct current isolating circuits (not shown). 
Since the receiver operated under identical conditions when connected to either 
A or D, the output current, for similar input waveform, was a measure of the avail- 
able power at either A or D, independently of the receiver input impedance. The 
output was calibrated from the noise source. The available power, p, from this 


source is given by p=kTB+ eI BR (1) 
where 


T and R=the temperature and resistance of resistor R, 
e=the electronic charge (1:59 x 10-48 coulombs), 
I =the direct current through the diode. 
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The first term is the thermal agitation noise originating in the resistor, and the 
second, the noise originating in the diode. For our purposes it is more convenient to 
use the alternative expression in terms of effective aerial temperature 7',, defined by 


pon fF 2. 
Equation (1) becomes 


=r 42% 


which, if R is chosen as 172 ohms, reduces to the simple numerical form 


T,—T--I' degrees Kelvin 


7 
On ee 


Matching 
network 


nate rs ee 


Headphones 














Cation 


Js 
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Fig. 1. Arrangement of equipment. The matching network is adjusted to make the impedance 
at A identical to that at D. 


where J’ is the diode current J, measured in microamperes. Temperatures below 7 
were obtained by extrapolation. 

The aerials used were a half-wavelength long at about 2 Me/sec and ranged in 
mean height from 40 ft (0-08 4) to 90 ft (0-18 2). They were not usually accurately 
horizontal. The same aerial was used for either horizontal or vertical polarization 
by making the change in connections illustrated in Figure 1. The determination of 
aerial losses is discussed in the next section. 

Observations were carried out at three sites; two in the Burragorang Valley, 
a mountain gorge 1500 ft deep, about 40 miles south-west of Sydney; and one at 
tankins Springs, on the plains 280 miles west of Sydney. The Burragorang Valley 
sites were 15 miles across rugged country from the nearest electrical power installa- 
tions, and the last-named site about 30 miles across plains from its nearest power. 
In both cases a few machines producing local electrical interference—home lighting 
plants, motor cars ete.—were occasionally evident. 

Most observations were carried out on a frequency about 1-95 Mc/sec where 
interference from a radio signal was rare. Some observations were taken on 
1-6 Mc/sec, and a few at other frequencies. With the aid of a beat oscillator it was 
found possible to recognize the presence of a radio signal aurally if its signal increased 
the receiver output by more than a few per cent. 
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The usual procedure was to switch on, and, after a suitable warming-up period, 
record the output from the dummy aerial, first with zero diode current and then with 
several suitably chosen values. The receiver was then connected to the aerial, and 
the noise level recorded; the calibration was repeated at suitable intervals. The 
noise in the headphones was observed at intervals. 

The accuracy of determination of the equivalent aerial temperature is limited 
by the accuracy of reading a mean value of the fluctuating output current, and by 
various systematic effects, of which losses in the circuits prior to the receiver are 
most important. Ground loss effects will be considered separately. The reading 
accuracy may be estimated from the consistency of records such as that shown in 
Figure 2 (a). The slow decrease in level due to batteries running down is sufficiently 
uniform to be readily allowed for. It appears that, under good conditions, reading 
accuracy of 5 or 10° K in equivalent aerial temperature should be realized with 
our present equipment. The accuracy of the allowance for losses in the matching 
network, discussed later, was checked on several occasions by substituting a dummy 
impedance at the aerial end of the matching network, equal to that presented by 
the feeder, and connecting the diode noise-generator at this point. A similar check 
was carried out using a resistor cooled in solid carbon dioxide. Errors in ionospheric 
temperature due to errors in assigned circuit losses are believed to have been pro- 
gressively reduced and in the later observations to be less than about 5° K. 


2. Contribution of ground and ionosphere to effective aerial temperature 


As indicated previously, the aerial is situated in a transparent space between two 
absorbing (and emitting) regions, the ground and the ionosphere. The relative 
contribution from each to the thermal power available from the aerial terminals 
may be derived from the principle. of detailed balancing of radiation. Suppose 
that, in a given small frequency range B, the aerial emits power p, and of this a 
fraction «p is absorbed in the ionosphere, which is at a temperature 7';, and the 
remainder (1—«)p, in the ground at a temperature 7',. When the aerial is used 
for the reception of thermal noise, its effective temperature 7', will be given by 


T,=«T;+ (l—«)T,. 
(T, — Ty) = «(T;— 1) 


so that the effective aerial temperature, measured relative to that of the ground, 
is a simple measure of the ionospheric temperature relative to the same zero reduced 
in the ratio of the aerial efficiency factor «. 

This treatment applies equally to losses in circuits prior to the point at which 
the effective aerial temperature is measured, and such losses have been allowed 
for in this way. Copper losses in the aerial were estimated and found to be negligible. 

In general it would be necessary in determining « to consider multiple reflections 
of rays passing up and down between Earth and ionosphere. However, the problem 
is simplified, in the case considered, by the high absorption (greater than 0-95) at 
the inosphere. All energy radiated upwards from the aerial may be considered to 
be absorbed in the ionosphere. 

The computation of the aerial efficiency factor « in terms of the ground constants 
is complicated for our small aerial heights where the radiation, induction, and 


This may be written 


265 


















































degreest- 



























































6000- i 


degrees 


KS 3000 
8 
2000 


1000 
0 































































































7000 
= degrees 


























+ 
08 30 





07 30 
fastern Austratian Standard Time 





































































































TTA 























































































































Lastern Australian Standard Time 
Fig.2. (a) A steady midday record illustrating reading accuracy. D indicates connection to dummy 
aerial. (Rankins Springs, 1-97 Mc/sec, horizontal polarization 3 June 1950. 1233—1400 E.A.S.T.). 
(b) The transition from night to day conditions. Earlier the noise had been more intense and variable 
small variations persisted for some hours after the end shown. (Burragorang (A) 2-0 Me/sec, horizontal 
polarization, 6 August 1949, 0730—0930. E.A.S.T. sunrise at 0645). (c) The beginning of a thunder- 


storm. Atmospherics become very frequent but the base-level does not change. (Burragorang (A) 
1-94 Me/sec, horizontal polarization. 26 November 1949, 0900-1230 E.A.S.T.). (d) City noiseobserved 
on vertical aerial 20 miles from Sydney. (1-94 Me/sec, 11 January 1950, 1030-1230 E.A.S8.T.). 
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electrostatic field terms are each important. An approximate treatment for a 
horizontal dipole, valid for the case of a highly conducting earth, has been given 
by SOMMERFELD and RENNER [3]. Their formulae, and the range of validity, are 


given in an Appendix. 

Numerical values 
derived from these are 
givenin Figure 3, which 
shows the variation of 
a with aerial height 
for several values of 
ground conductivity 
and dielectric constant 
corresponding to types 
of ground indicated. 
No measurements of 
ground constants for 
the particular sites 
used are available, but 
from the nature of the 
ground—-damp_ river 
flats of deep silt in the 
Burragorang Valley, 
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Fig. 3. Variation of ‘‘efficiency factor’, «, with aerial height for differ- 
ent ground constants. (1) (k,/k,)? = 80— j 40000 {2 Me/sec, K = 80, 
o = 4-5 mhos per metre (sea water)}. (2) (k,/k,)? = 15 —j 360 {2 Me/sec, 
K = 15, o =4 x 10°? mhos per metre (highly conducting ground)}. 
(3) (k./k,)? = 5— j 90 {2 Mce/sec, K = 5,0 = 107? mhos per metre (good 
conducting ground)}. (k, and k, are the propagation constants of air and 
earth respectively. K is the dielectric constant and o is the conductivity 
of the earth.) 





and damp clay at 
Rankins Springs—the 
authors have guessed the conductivity, o, to be about 2x 10°? mhos per metre. This 
conductivity is between the values used for curves 2 and 3 of Figure 3 and values 
of « derived from this figure are given in Table 1, column 3. 

To reduce the uncertainty of these estimates a partial experimental check was 
undertaken for the Burragorang aerials. A small oscillator was suspended on a 
balloon and _ carried 
to a height of 1500 ft 
above the aerial. The 
response of the aerial 
to the signal from this 
oscillator was noted 
and the “‘gain”’ of the 
aerial in the vertical 
direction deduced. This 
was a certain fraction 
z, of that calculated for the case of a perfectly-conducting earth. If the aerial diagram 
were the same for the actual and perfectly-conducting earth, «, would equal the 
aerial efficiency factor «. This condition is probably approximately satisfied and 
the measured values of x, are given alongside the estimated values of « in Table 1, 
column 4. The accuracy of the balloon observations is not high because they in- 
volved a series of comparisons which could yield cumulative errors. Nevertheless both 
approaches yield about the same value, which suggests that there is no major 
error. Values used in the reduction of results are given in the final column of Table 1. 





Aerial 
height From 
(ft) Figure 3 


l sed in 


computation 


Measured 
(a) 


0-50 0-50 0-50 
0-85 0-75 0-8 
0-65 — 0-6 


Burragorang A 40 
Burragorang B 90 
Rankins Springs 50 
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Fortunately errors in « introduce much smaller relative errors in the assigned 
temperatures of the ionosphere, 7';, because this happens to approximate to the 
earth temperature 7',. Thus for 7,—300° K and 7,=—280° K an assigned value 
of « of 0:7 yields 7’; = 271° K, whereas a value of « of 0-5 would give 7';= 260° K. 

The efficiency factors for the vertical aerials have not been determined. They 
are likely to be somewhat less efficient than the corresponding horizontal ones. 


Ill. Resvuxts 
1. Typical diurnal variation of received noise 

The characteristics of the record obtained on a typical day are illustrated in the 
idealized sketch of Figure 4. Sample records showing the change from night to 
day and the midday hours 
of a quiet day are given in 
Figures 2(b) and (a) respec- 
tively. Records showing the 
same general features are ob- 
| tained on vertical and horizon- 

tal aerials. 
During the night the level 
is always high and very vari- 
able, and the crashes due to 
individual atmospherics are 
continually audible. The level 
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Sunrise Noon Sunset 

Fig. 4. Idealized noise record over whole day. By night—High 
level, severe fluctuation, continuous series of loud crashes 
audible. By day—Low steady base-level, often no crashes 


audible. 


falls around dawn and for some 
hours the night-time features, 
variable base-level and indi- 
vidual atmospherics audible 
and evident as impulsive di- 


sturbances on the record, are 
apparent on a reduced scale. These features tend to fade away and to give place 
on some days to a steady level, equivalent temperature about 300° K, which is 
indistinguishable, either aurally or from the record, from thermal noise. The low 
level persists until towards sunset a reverse series of changes takes place and the 
nighttime high fluctuating level returns. On other days impulsive disturbances due 
to atmospherics are evident throughout the day, but when these impulses are not 
too frequent the noise level between the atmospherics tends to fall to a steady 
base-level as before. On other days, with or without obvious atmospherics, the 
mean noise level has been observed to be variable throughout the day at levels 
ranging from three hundred to thousands of degrees. In these cases it will be shown 
that there is a strong suspicion that the excess noise originated in electrical machin- 
ery. These observations apply to 1-6 and 2-0 Me/sec. A few exploratory measure- 
ments were made on other frequencies at Burragorang during the summer. These 
indicated that at higher frequencies, 2-5 Mc/sec for example, the high fluctuating 
records were more apparent, and at lower, 0-8 Mc/sec, individual atmospherics 
more pronounced. It is probable that observations at other times or places would 
indicate a different frequency range over which the steady base-level could be well 


observed. 
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The new feature of these observations is the base-level at about 300° K. It is 
approximately that to be expected from thermal radiation from the ionosphere, 
but before proceeding, it is desirable to examine the known sources of noise in order 
to assess whether their residual contributions are really negligible. 


2. Recognition and elimination of known types of noise 


(a) Atmospherics—Atmospherics of relatively local origin give sudden large deflec- 
tions on the recorder and a characteristic noise in head-phones. If the individual 
disturbances are separated by several seconds the recorder has time to return to 
a consistent base level, and when observations have extended over the beginning 
of a storm, the base-level between atmospherics has not risen above that existing 
before the storm. More frequent ones prevent the full recovery of the recorder 
between them. A sample record showing recovery between atmospherics is shown 
in Figure 2(c). It follows that the base-level can be recognized through moderately 
frequent intense atmospherics, and that in the presence of more frequent ones this 
cause of high minimum values can be readily recognized. 

The possibility remains that the noise level may be the resultant of a very large 
number of very distant atmospherics. This, as the currently accepted theory, 
requires careful consideration. 

There are two significant differences between the daytime and night-time observa- 
tions which bear on this problem. Firstly, at night when the noise level is high 
it is characterized by the continual occurrence of impulsive disturbances due to 
atmospherics. These are absent on many of the low-level day records. Secondly 
the base-level at night fluctuates violently. Many day records show trivial fluctua- 
tions; those which do show fluctuations show values which do not decrease below 
the quiet day value. 

At night the better propagation permits reception of atmospherics from a vast 
area. But, even so, the effects of individual atmospherics are obvious; the number 
is still not great enough to make the resultant average out to a uniform intensity. 
By day, propagation is much worse and the area of reception of atmospherics is 
correspondingly reduced. Hence the number of atmospherics should be smaller, 
and the degree of smoothing even less. Noise which shows an absence of impulsive 
disturbances can therefore not be due to atmospherics. Similarly, the fluctuating 
base-level at night may be evidence of ionospheric fading effects on noise (atmos- 
pherics and other) transmitted from a distance. Similar fluctuations by day appear 
to be evidence of reception of noise propagated from a distance, and the absence of 
fluctuations, when observed, suggests that on these occasions interference propagated 
via the ionosphere is not a main factor. 

An alternative argument for the rejection of atmospherics as the origin of the 
base-level may be derived from the wellknown inaudibility by day of distant 
broadcasting stations which are readily audible at night. This may be interpreted 
as showing that the reduction of strength of stations is greater than that of noise. 
The primary factor in this reduction of both is the increase of ionospheric atten- 
uation by day, a factor which, at a frequency of about 2 Mc/sec, increases as the 
distance is increased. It follows that the day-time background of noise must 
originate at distances smaller than the stations concerned. This is consistent with 
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an origin in thermal radiation in the ionosphere which is not subject to such atten- 
uation, but it is most improbable that a steady background should result from 
atmospherics from within a small radius of, say, 500 or 1000 km. 

As a quantitative example, measurements were made on a Melbourne transmitter 
on 1-64 Me/sec (distance 700 km, summer), which was inaudible by day at Bur- 
ragorang. Measured fields in relative power units are shown in Table 2. 

The night-time increase, even at this short distance, is seen to be more—probably 
very much more—than 300 times greater for the station than for noise. This ratio, 
of course, varies greatly from time to time. 

From such evidence we consider that the integrated effect of atmospherics must 
contribute a negligible proportion to the observed noise at times when a steady 
base-level is observed. At night, of course, atmospherics are a major component 
of the observed noise, and, in the intermediate cases by day when the base-level 

of noise fluctuates, there is insuffi- 

Table 2. Comparison of Day and Night Signal cient evidence to assess the contri- 

lo bution due to atmospherics. 

Ratio (b) Man-made noise—When noise 
night/day originating in electrical machinery 
is present, its recognition has proved 

Transmitter 300 | 4x 10 > 10° difficult. In certain cases—a hum 

ons 300 1ONto 10° | 30 to 3000 from electrical machinery, and clicks 

from motor car ignition systems, 

for example—it is possible to recognize characteristic sounds in head-phones. In 

other cases a discontinuous change in level is clearly due to the switching on or 

off of some machine. Isolated machines within a mile or so of the aerial can usually 
be recognized by such means. 

The integrated effect of great numbers of machines which exist in a large 
industrial city such as Sydney cannot be distinguished aurally from random noise. 
The importance of this source has, however, been established by a succession of 
noise observations at increasing distances from the city, which within a radius of 
about 30 miles showed an appropriately decreasing noise level. It is possible to 
use this method to estimate the expected contribution from Sydney man-made 
noise at more distant, quieter, sites on the assumption that the Sydney component 
should be reduced (on the average) in the same ratio as the signal from a Sydney 
transmitter on an adjacent frequency. In this way it was concluded that at Bur- 
ragorang, 40 miles from Sydney, man-made noise from Sydney is often, in summer, 
a negligible component of the observed noise level but tends to produce substantial 
increases at times. In winter it is usually a principal component. The noise is 
transmitted via the ionosphere. 

Observations taken at Rankins Springs, 280 miles from Sydney, should include 
a negligible component of Sydney noise and simultaneous observations there and 
at Burragorang showed a steady low value (250-300°) at the former place while 
high (1000°) and variable records were obtained at Burragorang (winter). 

It may be possible to recognize the difference between records of city man-made 
noise and the natural base-level from the fluctuations which occur in the former. 
These are illustrated in the record of Figure 2(d) which was obtained on a vertical 
aerial 20 miles from Sydney. This criterion may not permit identification of small 
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contributions, say 10%, so that the possible presence of this source of noise is a 
serious handicap in the accurate measurement of the base-level. 

Interference of local origin is communicated by means of the ground wave. 
The response on a vertical aerial is therefore much more than on a horizontal 
one. This fact can be used to help to identify ground wave interference. For inter- 
ference transmitted by the ionosphere, either the horizon- 0 
tal or vertical aerial may receive the higher intensity, 
depending on the direction of arrival. For example, at 
Burragorang the noise level on a vertical aerial was 
frequently the lower, presumably owing to the incidence 
of man-made noise reflected from the ionosphere above. 

The use of this criterion has been handicapped in the 
present investigation through lack of knowledge of the 
efficiency factors of the vertical aerials. 
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3. Observed magnitude of the base level 


Observations were taken on about 30 days, distributed 
irregularly between August 1949 and June 1950 at one 
or other of the two Burragorang sites: At Rankins 
Springs observations were made on nine consecutive days 
at the beginning of June 1950. Less weight is given to 
the Burragorang results because they appear subject 


to the interference discussed above, but they are pre- iy 





Number of observations 





pritiititisiitisiit 








March-April 1950 





sented briefly to indicate possible trends over the longer 
period. The Rankins Springs results are presented more May-June 


fully. - | fate ae 


The Burragorang records were divided into periods 
o © 
of one hour, centred on the hour, and the lowest read- “600 °K B60 
. : é nie geil temperature 
ing in that period was recorded. Evidence of probable | _ _. ne 
: f i GREE SE AS CER Sp Fig. 5. Histograms of mini- 
inter erence, either “fading” of the base-level or many — jyum noise intensity in each 
impulsive disturbances, was also noted. The results hour of observation. 10-14 
were then set out in histograms, the most informative hours E.A.S.T., Burragorang 
of which are shown in Figure 5. These cover the hours — (A) and wig esas 
; : ; ‘ . »olarization. Shaded _por- 
centred on 10 to 14 hrs. local time for the times of >. ie M 
x ps tions indicate slight fading 
the year noted on the figure. The shaded areas refer — (<50°) and few atmospherics. 
to nearly constant records, the remainder to those show- 
ing moderate “‘fading”’ or severe atmospherics. Other records were rejected because 
they showed evidence of interference. None of these were below 300° K. 











The main feature of the figure is the high peak of readings at about 300° K 
with a sharp cut-off on the low side and much greater dispersion on the high side. 
Hours further from noon, 8-9 and 14-17, showed the same minimum but a wider 
dispersion. There was clear evidence of seasonal variation of interference, atmos- 
pherics being more troublesome in summer and the ionosphere propagated inter- 
ference in winter, but there is no certain evidence for an appreciable change in the 
base-level. A small change would not be recognized with certainty. Similarly no 
evidence was obtained for a diurnal variation, but the same reservation applies. 
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The Rankins Springs results were divided into three-minute intervals and the 
maximum and minimum levels in the period, neglecting impulsive disturbances, 
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Lastern Australian Standard Time 


Fig. 6. Analysis of noise intensity records, Rankins Springs, 31 May—8 June 1950. Minimum 

and maximum intensity, neglecting impulsive disturbances, plotted for each three-minute inter- 

val. Frequencies marked on figure. Polarization horizontal except for brief intervals of vertical, 
shown dotted. 
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were noted. These values are plotted against time for each of the nine days in 
Figure 6. The frequency of observation is indicated above each graph. Gaps in 
the graph indicate stops for calibration or other purposes. The polarization was 
horizontal except for brief samples of vertical, shown dotted. The higher values 
of the latter may be due to local interference. 


The feature of this graph is the remarkable concentration of readings in a range 
of only a few tens of degrees. For example, on 3 June 1950 practically all the 
readings lie between 0 and 35° below ambient temperature. The day showing the 
greatest variation, 1 June 1950, was one on which distant broadcasting stations 
were received abnormally well. There is therefore still suspicion of distant inter- 
ference, though on a much reduced scale. The device of examining minimum values 
was therefore again adopted in the hope 
of obtaining a base-level less influenced 
by extraneous interference. Examin- 
ation of the different frequencies showed 
slight differences, but with the very 
limited sampling it was considered that 
these might be accidental, and in the 
following all frequencies are lumped 
together. Figure 7 shows the mean value l l | ! 
over the nine days of the minimum iy sy thd 


: ‘ LAST. 
value occurring in each hour of the wae a 
Fig. 7. Means and mean deviations of minimum 


Lonospheric temp. 











derived 1On0EP heric temperature. The ionospheric temperatures recorded in each hour on 


mean deviations of the individual mini- 1.6 and 2-0 Me/see at Rankins Springs, 31 May to 
ma are also shown. The figure suggests 8 June 1950. 

a significant diurnal variation of base- 

level, the value rising from about 240° K at noon to about 290° K at 10 and 16 hrs. 
The reality of this trend is supported by examination of the records on very quiet 
days, such as 3 June 1950, which agree very closely with the mean values of Figure 7. 


IV. Discussion oF RESULTS 


The observations have shown that the natural noise level observed on an aerial at 
frequencies in the vicinity of 2 Mc/sec during the hours around noon frequently 
falls to an intensity corresponding to an equivalent aerial temperature between 
200 and 300° K. It is not observed to fall below this, and at the times when this 
low level is observed the characteristics appear similar to those of thermal noise. 
Further, there are reasons for believing that this level cannot be accounted for in 
terms of the integrated effects of great numbers of atmospherics. These facts are 
strong evidence for the hypothesis that there is a background source of random 
noise of this intensity. This background source is identified with thermal radiation 
from the ionosphere because, as will be shown, the measured intensity agrees, 
within the limits of the data, with that derived from other sources. This radiation, 
from a microscopic view point, arises from the acceleration of charged particles at 
collisions. Because of the lower mass, electrons radiate very much more effectively 
than ions so that the contributions from ions should be negligible compared with 
those from electrons. 
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In the present case absorption and emission take place in the ionized atmo- 
sphere below the maximum of electron density in the E-region. Here the refractive 
index does not depart appreciably from unity. Fora particular direction the contri- 
bution to thermal intensity, measured in terms of equivalent temperature, from 
a small region of thickness Az, at a distance x from the observer, will be given by 
the product of its electron temperature, 7’, its emissivity and the attenuation along 

x 
the path to the observer, exp {— fud a}, where x is the power absorption coefficient. 
0 
From the reciprocal laws of emission and absorption the emissivity equals x A a*. 
The equivalent temperature, 7',, for this direction is obtained by integrating along 
the ray and is given by: 


T,— {T xexp = fx dzx,\dz. 
6 Lg 


This can be integrated if 7 and x are known in terms of x. These can be deter- 
mined for the given direction if the temperature, electron density N, and collision 


frequency v are known functions of height since x is a function of N and ». The 
information is known only roughly. Approximate values of NV and y are shown in 


x 
Figure 8(a)**. From these, values of x and of x exp |—fxda} for the ordinary 
0 


ray at vertical incidence were derived, using the usual magnetoionoc formula 
(APPLETON [4]. Figure 8(b) shows the latter quantity and two estimates of the 
temperature 7’ plotted against height. The equivalent temperature for the vertical 


x 
ray is then given by the integrated product of the curves for 7’ and x exp |— fz dx} ; 
0 J 


It is obvious that only a small range of heights, about 10 km, contributes appre- 
ciably to the integral. 

An aerial receives radiation over a large range of angles and its effective aerial 
temperature is the mean of the effective temperature of rays from various directions 
weighted according to the power sensitivity in each. Figure 9(a) indicates the 
variation of sensitivity, with zenith angle for vertical and horizontal aerials. As 
the direction departs from the vertical the attenuation per unit of height increases 
and the contributing region becomes narrower and falls a little. This is indicated 
for the ordinary ray in Figure 9(b). The extraordinary ray also contributes to the 
effective aerial temperature and for frequencies in the vicinity of the gyro-frequency 
the attenuation is higher, so that the contributing region will be narrower and a little 
lower than that of the ordinary ray. Details will be critically dependent on frequency. 


We do not wish to stress the details of the ionospheric model assumed but to 
point out the broad conclusions that there is a restricted range of heights, in the lower 
part of the ionosphere, from which appreciable contributions are received, and that 


* This result is derived on the assumption of thermodynamic equilibrium. It will apply to an 
actual case if the emission and absorption mechanisms are not changed relatively. In the case of the 
ionosphere these mechanisms are assumed to be the classical ones associated with the acceleration 
of electrons and ions so that emission and absorption should be related in the same way as under equi- 
librium conditions. 

** These values were derived by W. R. Piccorr (private communication) to fit noon attenuation 
measurements at vertical incidence in England in summer. 
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Fig. 8. Ionospheric data from other sources as functions of height. (a) Electron density and colli- 
Y 
sion frequency. (b) The function x exp |— f dex, for a vertical ray and two estimates of the 
0 


temperature distribution (7,, Bates 1949; 7T,, Bares and NicoLtet 1950). 
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Fig. 9. Indication of regions contributing to measured ionospheric temperatures. (a) Aerial sensi- 
tivity as a function of distance from the zenith point dependent on directional diagrams of aerial, 
for a vertical and a horizontal aerial. (b) Approximate contributing region as a function of distance 
from the zenith point. The region indicated applies to the “‘ordinary ray’’, that for the 
“extsaordinary ray” is a little lower and thinner. 


the contributing region may be slightly raised or lowered by changes in the aerial 
characteristics or the frequency. 

From Figures 8 and 9 it appears that the centre of the contributing region should 
be a little below 75 km, and the expected mean equivalent temperature either about 
200 or 230° K depending on the estimate chosen. The temperature curve 7’, of 
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Figure 8 is a smooth curve drawn through points given by Bartss [5], in a recent 
survey of the Earth’s upper atmosphere; 7’, is a more recent estimate by BATES and 
NIcoLeT [6]. The details are uncertain. Little is known of possible seasonal, 
diurnal or geographic changes. Our measured value at noon was 240° K which is 
in good agreement. 

We turn now to the observation at Rankins Springs, where the base-level of 
radiation appeared to show a decrease in effective temperature at midday. It is 
possible that this is due to the reduction at midday of some unknown kind of 
interference; alternatively it may represent a real reduction in thermal radiation. 
This could occur either through a reduction of temperature, or a change of ionization 
density shifting the region of origin towards a region of lower temperature. The 
information available does not permit us to decide with certainty between these 
possibilities, but in view of the known diurnal changes in ionization in the relevant 
range of heights the last suggestion appears plausible. 


V. CONCLUSIONS 

The observations described have shown that, by choosing conditions peculiarly free 
from interference due to atmospherics and man-made noise, it is frequently possible 
to recognize and measure thermal radio waves emitted by the ionosphere. The 
emitting region in the ionosphere in this case is at a height of about 75 km. The 
temperature derived from these observations is that of the electrons, but it agrees 
with measurements of molecular temperatures by other methods; there is consid- 
erable uncertainty in the latter. 

The precision of measurement of effective aerial temperature corresponds to an 
accuracy in ionospheric electron temperature of 10° or 20°, which is high, but this 
can only be fully utilized if simultaneous information concerning the variation of 
the absorption with height can be obtained. It should be possible to derive informa- 
tion about the change of temperature with height by measurements on different 
frequencies or with different aerial systems, but these questions have not yet been 
carefully investigated. 

Methods of recognizing unwanted interference have been developed, but these 
are not yet entirely satisfactory. In consequence the derived values of electron 
temperature are rigorous upper limits, but a certain number may be raised above 
the true value owing to unrecognized interference. In particular it is not yet known 
if the small fluctuations shown in the daily records [cf. Figure 2(a)] represent 
changes in thermal emission or are due to another source of noise. 

A firm conclusion from the observations is that under the conditions of the 
Rankins Springs observations, and excluding the known sources, atmospherics and 
thermal noise, there was no other source of natural noise of equivalent temperature 
greater than about a hundred degrees—equivalent to 2 x 10°" (volts/m) (¢/s)7. 
Corresponding observations under conditions where low altitude aurora might occur 
would be of interest. 

Finally the observations indicate that many published measurements of day- 
time noise level in the vicinity of 2 Mc/sec may have been misinterpreted. Measured 
low values of 1 microvolt per metre in a bandwidth of 10 kc/sec (5 x 107 °K) have 
been attributed to natural causes. It seems likely that many of these may refer, not to 
noise of natural origin, but to man-made noise, perhaps propagated from a distance. 
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This paper has described exploratory investigations of a possible new technique 
for the study of the ionosphere. The observations have shown both merits and 
difficulties, and it is not yet possible to assess the worth of the method for systematic 
studies. It has appeared to us to be sufficiently promising to lead us to continue 
observations at a place in New South Wales more remote from electrical machinery. 
Acknowledgements—We wish to acknowledge the assistance of Mr. J. P. Gray in 
taking observations and of Mr. J.D. Murray and Mr. W.C. Rowe in the con- 
struction of: equipment. 

APPENDIX [| 
Formulae for Deriving Aerial Efficiency Factor 
The efficiency factor « is, from its definition, given by 
__ 8H — 8abs 
8H 
where sy is proportional to the input power to the aerial (copper losses assumed 
negligible), and s,,, to the power absorbed in the ground. 

These quantities can be derived from SOMMERFELD and RENNERs [3] an- 

alysis in approximate form, the first order terms in k,/|k,| being: 


2 1 {sing Re Bs a 
su = [eC —1) + cost] +253 5 [sin € — 8) —£ cos ( — d)] 


—e, x |sin 6| x (1 + | 
2| c 
where € = 4a ——— ; 
k, = propagation constant of earth 
k, = propagation constant of air. 
In m.k.s. units (ze y = K—j60c0/ 
1 
where K = dielectric constant of earth, 
o = conductivity of earth (mhos/metre), 
A = wavelength in air (metres), 
6004 mu m 
o“ —z), oa ee 
Second order terms in k,/|k,| become appreciable when either h/A or |k,|/k, 
become small. 
The effect of these terms is indicated in Figure 3 where the curve for each 
set of ground constants is shown thickened at the left-hand side. The lower edge 
is computed from the above first order formulae; the upper includes the effect of 


the second order terms. 


6= 2 (arctan 
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ABSTRACT 

S. CHAPMANS well known theory of ion production by photo-ionization of a gas with an exponentially 
decreasing pressure considers the case of a constant temperature. In the present paper a study is made 
of the effect of an increase of the mean temperature on the distribution of the rate of ion production at 
various heights. It is shown that at a given height, this rate is extremely sensitive to temperature 
changes and that it may go through a sharp minimum at midday if it is assumed that the temperature 
rises regularly from morning to midday. The two main effects of a temperature increase being a general 
elevation of the region where ions are produced and a general decrease of the rate of ion production, 
an estimate is made of the percentage of temperature increase which one has to assume to explain 
the higher summer altitude of the F, layer at midday as compared with its winter value, on the one 
hand, and its slight and gradual elevation between 6 a.m. and midday on a summer day, on the other. 
The percentages found (based on Slough 1950 records) are 46% and 21% respectively. It is further 
shown that the splitting of the # region into F, and F, may be due to a general temperature increase 
of the upper atmosphere. The ‘‘summer structure”’ of this region and the critical frequency drop of 
the F, layer during magnetic storms may similarly be considered as an effect of a temperature increase 


of the gas submitted to the photo-ionization process. 
Finally it is pointed out that the seasonal variation of the absorption of short waves may also find 


an explanation in a seasonal temperature variation. 


I. INTRODUCTION 


In a recent work [1] a graphical method hes been proposed for the determination 
of the rate of ion production and of the apparent recombination and attachment 
coefficients governing the formation of a layer the hourly critical frequency and 
height of which are known experimentally. The assumptions made were: 
(a) That the layer’s density distribution with height is almost parabolic; 
(6) That the layer formation obeys the law: 
oN 7 
Pee aed ee (1) 
N is the electron density 
q the rate of electron production 
y (.V) a function of NV only, when [1] applies to a constant height above ground. 
An analysis thus made of the daily variation of the electron density of the 
F, layer at various levels (based on data published for Slough, March 1948) led to 
the following results: 
(1) The electron “disappearance”’ function y(N) values obtained for various levels at 
different hours, when plotted against corresponding values of N, fit fairly well parabolas 
passing through the origin of the coordinates, thus justifying its expression by: 


y(N) = A, N?+ BN, 
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where 4,, and B,, are constants specific of the level under consideration. The values of A,, 
and B,, thus obtained for various levels were: A, = 107 + 40% and B,=21.10-° at 250 km 
falling to 0-8.10-> at 350 km almost exponentially. 

(2) The rates of electron production qg, as expected, were found to reach their highest daily 
value at noon at the levels studied; they ranged from 150 per cm?, sec™! (at 350 km) to 220 per 
em? . sec“! (at 275 km). 

When applied to summer months this method of investigation leads to on apparently 
anomalous behaviour of the rate of electron production: the latter exhibits at some levels a 
marked minimum at noon. 8. 8. Barat and A. P. Mirra [2] found the same anomaly in the 
daily variation of the electron production rate during summer months for the F, and even 
for the E layer, using another method. They point out that it may be a possible effect of tidal 
motions. 

It seemed interesting to us to examine closely whether the classical 8. CHapMANs layer 
formation theory [3] can explain this anomaly, when it is assumed that the mean temperature 
of the upper atmosphere gradually rises from morning to noon during the long summer days. 
A study of the effects of temperature variations on layer formation has thus been undertaken. 


II. Errect or A TEMPERATURE INCREASE ON THE RATE OF ION PRODUCTION AT 
Various HEIGHTS 
It is well known that in his theory of photo-ionisation of a gas with an exponentially 
decreasing density, S. CHAPMAN assumed the latter to be at constant temperature 
T and to have a constant “Scale height”? H given by: 
kT 
mg? 
where 7 is the temperature in degrees K 
m is the molecular mass of the gas 
g the acceleration of gravity 
k the BoLTzMANN constant. 
Now, if we suppose that the temperature becomes 


fT’ =a@T , 


where a>1, 
the height of maximum ion production, given by: 


h, = H log Ao, H (4) 
where A is the absorption constant and 9, the ground level density of the gas, 


becomes: 
hy = ah, + aH loga. (4’) 


On the other hand, the maximum rate of ion production, given by: 


(5) 


where f is the ionization constant and S,, the intensity of the ionizing radiation 
outside the atmosphere, becomes when the temperature is a times higher: 


ees B Soo 
y= aHe’ 
and thus, we can write: 
Ahy = hy —hy = hy (a—1) + aH loga 
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This means that when the average temperature of the gas rises, the whole 
region where ionization takes place moves up to higher levels and that at the same 
time the maximum rate of ion production decreases. 

In order to get a still better idea of the effect of a temperature increase on 
ion production we shall draw curves representing the rate of ion production as a 
function of height, for different zenith angles 7, when the temperature is 7” =aT 
and compare them to those corresponding to temperature 7’. This comparison can 
be done directly only if unit lengths chosen for the abscissae on the one hand and 
for the ordinates on the other are the same. 

Ist us take J, (the rate of maximum ion production in a temperature 7’) as unit 
length for the abscissae and H (the scale height in a temperature 7’) as unit length 
for the ordinates. The rate of ion production in a temperature 7’ being given by: 


I = I,exp[1 —z —(secy)e-*], (8) 
where: 


, hy 
een (9) 


we shall have in a temperature 7” =aT', a rate I’ given by: 


I'= I,exp[l —z’ —(secy)e~*], (8’) 

where: 
Fo ee h— hy , 
ete ae (9°) 

We thus see that, when expressed in units J,, which we have chosen, the rate I’ 
has to be represented by a length J’/J,; but since Jj =J,/a, because of [7], we have: 

ae exp [1 —z’ —(secyz)e~* ] (8’’) 
I a - 
at the same time the rate J, corresponding to temperature 7’ is of course given accor- 
ding to [8] by a length: 
a exp[1 —z—(secy)e~*]. (8’’’) 
0 

The following rule can thus be used for plotting our curves: “The value of 
the exponential exp [1—z—(secy)e~*] for z=z, divided by a gives the value of 
I'/I, at the level aHz, (or az,, when expressed in units ‘““H’’) above hj. At the 
same time the value of this exponential for z=z gives the value of J/I, at the 
level Hz, (or %, when expressed in units “H”’) above hy. 

It is clear in these circumstances that our two families of curves can be plotted 
and compared only if we know what are the values of hy and fo, or at least, what 
is the value of the difference (hj—h ), which, according to [6], and expressed in 
units “H” is given by: 


Ah, h ‘ 
a = 4, (@—1) + aloga. (6’) 


In Figure la three families of curves have been represented, corresponding 
respectively to temperatures 7, 7’=1-5 T and 7’ =2T with the assumption 
that the ratio h,/H in (6’) is equal to 4-5 (this corresponds to a value of h, ranging 
from 200 to 300km with an AH from 45 to 65 km). 
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Careful inspection of these curves shows at once how sensitive to temperature 
variations is the rate of ion production at a given height. Thus for instance at level 
z=0, for 7=0°, a 50% increase of the temperature reduces this rate more than 
30 times. 

It is further seen that Zz, Relatve ton producton rate @) 
the higher the temperature, ' 
the higher is the region 
where ions are produced 
and the thicker it is. Fin- 
ally, as already mentioned, 
the maximum rate of ion 
production. decreases with 
increasing temperature. 


(with 2 ~ ¥-5) 


A hy 
# 


+ 
Ss 


III. Tur SEASONAL ANOM- 
ALY OF THE Ff’, LAYER 


If we now assume that the 
average temperature of the 
upper atmosphere varies 
from season to season and, 
even during the day, is 
higher in summer than in 
winter (at noon) and higher 
at midday than in the 
morning, the results of the 
preceeding discussion lead 
to the conclusion that iono- 
spheric layer characteris- 
tics which closely follow 
those of the ion production 
regions, will exhibit similar 
diurnal and seasonal tem- 
perature variations. 
In Figure 1b are repre- | 
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sented diurnal variations oo a a re 

of the rate of ion produc- Fig. la. Jorl’orl’’/I, as a function of altitude for average 
tion, assuming that the temperatures 7’, 37/2 and 27. 

temperature rises from T' 

at sunrise (y= 90°) to 3/2 T at noon (with y= 0°), at different levels A, B,C... 
corresponding to Figure la. It is quite obvious that at levels such as “D’’, the 
ion production rate goes through a deep minimum at noon simply on account 
of a midday temperature increase. 

Ion production rates at other levels exhibit different types of diurnal variations, 
and at certain levels such as “‘C’”’ there is a rather sharp maximum of ion production 
just around noon. In spite of this fact, if one considers that the electron density 
at noon, at a given level of a layer, depends also on the ‘previous history” of it 
— i.e. on the time during which ion production took place in it, it becomes apparent 
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that a layer formed in these circumstances, may well exhibit a lower maximum 
electron density at midday than usually expected, and even a double humped 
daily variation curve—so characteristic of the F, layer in summer. Other probable 
effects of temperature variation appearing in the F, layer behaviour are: its formation 
at much higher levels in summer than in winter and its greater thickness and lower 
maximum electron density 
in summer. 
Recordings of F, cha- 
Sonted teat racteristics obtained at 
Slough (England) yield the 
following median values 
of y,, and h,, for January, 
March and June 1950 at 
noon: 


; 





Ym 
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January .. 76 
March... 91 


Zenith angle x= JUNE: 5. ss 130 


0° 
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Assuming tliat h,,, 7.€ 
the level of maximum elec- 
tron density of the layer. 
is near the level h max. 
where the electron produc- 
tion rate is a maximum, 


r 
we have: 
[ / a h max (Winter) 
iS ! if A 


= H log Ao, Hsec zy). 








Fig. 1b. J/I, as a function of time (or zenith a: at various levels 
A, B, C, etc. when the temperature rises from 7 at 7 = 90° to h max (Summer) 
37/2 at 7=0° 

= aH log Ao, aHsec x5), 
where: 

yay) and ¥,,) are the sun’s zenith angles at Slough at noon in winter and in summer 
respectively ; 

a is the temperature increase coefficient. 

It follows that: 

hm (Summer) a[1+(H/ho) logasee xy} 350 


hm (Winter) 1+ (H/hy) log sec zy) 265 ° 


Taking for H/h, the average value 0-2 and sec y,y) = 3-3; sec 75) = 1-13, we find: 


= 1-46. 


The temperature increase responsible for the summer elevation of the /’, layer 
at Slough, at midday is thus about 46% of the winter temperature of the region. 
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S. 8. Barat and A. P. Mirra [2] recently found by another method that region 
F, temperature varied from 700° K in winter to 1200° K in summer (for the period 
of high solar activity) and from 500° K in winter to 900° K in summer (for the 
period of low solar activity); the corresponding percentages of increase thus being 
about 70% and 80% respectively, against the winter values. Some substantial 
objections existing in the literature [3] against such high percentages of temperature 
variations in the atmosphere under solar influence alone, the authors express 
the opinion that the total variation in temperature is not due entirely to seasonal 
increase and decrease of heating by the sun, but is partly an effect of the rising tempe- 
rature gradient above the F level and of the elevation of the F region in summer. 
Our result regarding the mean midday temperatures of the whole region thus 
appears to be a conservative one. On the other hand, the daily variation of h,,, 
which in the case of the F, layer formation by the regular CHAPMAN process in a 
constant temperature, should exhibit a single minimum value around midday, 
and which instead, as it is well known, exhibits two minima especially marked 
onsummer days (one in the morning, the other in the afternoon with aslight maximum 
around noon), may similarly be interpreted as due to a diurnal variation of the mean 
temperature. A rough calculation made on the same lines as the proceeding one, 
with June 1950 values obtained at Slough, shows that the temperature increase 
of the region between 6 a.m. and noon, responsible for the F, layer height variation 
on a summer day, is of about 20%. 

Turning now to the Ff, layer seasonal anomaly in its electron densities (the 
highest midday maximum value being found in winter 134-104 ions cm? in January 
against 63-104 ions cm? in June at Slough 1950, ¢.e. with a much lower value of cos 7 
than in summer), one finds that the summer maximum rate of electron production, 
is still about two times greater than its winter value at Slough, even when a summer 
temperature increase of 46% is considered. 

It can be shown [4] that in these circumstances if the electron disappearance 
function y(N) has the form [2] where A, and B,, are the apparent recombination 
and attachment coefficients respectively, and if B,, is supposed to be strictly pro- 
portional to partial pressure, the above mentioned anomaly remains inexplicable 
by the classical theory and the temperature effect, unless A, is assumed to increase 
by a factor of 10 to 20 when the temperature rises by 46%. 

The validity of this assumption will not be discussed here. We shall mention 
in this connection that according to LANGEVIN [6] the coefficient of recombination 
of a gas increases with its density and therefore with its pressure. 


IV. Spuirrrne oF Recion F into F, AND F, LAYERS. 
According to [4], hy, the height of maximum ion production in a gas by the photo- 
ionization process, is a function of: 

(a) The scale height H of the gas, (b) its absorption constant A, specific of 
its nature and of the ionization process involved and (c) of its density 0) as measured 
at ground level. Now if there are several gases present in the upper atmosphere 
with individual exponential distributions with height, or even if a single gas is 
subjected to ionization by different absorption processes, equation [4] shows that 
distinct regions of ion production will be set up and distinct ionized layers will 
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be formed. F, and F, layers may thus be reasonably well regarded as due to photo 
ionization whether of two distinct gases (O and WN? respectively according to 
Buar, Mirra and Guosx) or of a single gas (N? at its two ionization potentials, 
according to WuLF and Demine; O or O and N, according to D. R. BaTEs) by 
different processes. In these circumstances we can write in the general case of two 
distinct gases: 


h, = HlogAo,H, for the ¥ layer 
h,) = H'logA'o,H’ for the F, layer. 


The separation h,— hg of the two layers is given by: 


hy —hy = H [log K + (1 —r) log H), 
where: 
<. A and K = cary 
It is thus easily seen that the higher the temperature the greater is the separation 
between the layers, the latter being practically proportional to H (H =kT/mg 
and the ratio H’'/H =r being less than or equal to unity, with the present assump- 
tions regarding the gases involved). The theory is thus in accord with the well known 
facts about the F, layer behaviour, as well during daytime, when its greatest separa- 
tion from F, occurs at midday, as during the whole year (the greatest separation of 
the layers occuring on summer days), if temperature variations of the upper atmos- 
phere are taken into account. 


VY. BEHAVIOUR OF THE F REGION DuRING MAGNETIC STORMS 


It is well known that magnetic storms are usually accompanied or closely followed 
by the following phenomena in the F region of the ionosphere: 

(a) The critical frequency of the F, layer drops to an abnormally low value; 

(b) There is a substantial increase in the virtual height of the layer and in its 
h,, value; 

(c) An obvious splitting of the F region into F, and F, occurs, even on winter 
days, when both layers usually merge. 

The preceeding discussion leads to the conclusion that all the above pheno- 
mena may be due to a single cause: a general increase of the temperature of the 
gases subjected to photoionization. This point of view is further supported by the 
fact that during the days of critical frequencies depression, in or after magnetic 
storm periods, the /, layer daily evolution usually remains quite regular, ‘‘fo F,” 
reaching its reduced maximum value at midday; the F, layer formation thus 
appears to be a normal one but with modified constants. 

It is interesting to note in this connection that some years ago already, 8. CHap- 
MAN expressed the opinion [5] that “‘intense and concentrated currents that flow 
along the auroral zone during magnetic storms may appreciably heat the air there; 
but such heating is likely to be exceeded by more direct heating due to degradation 
into thermal energy of part of the kinetic energy of the incoming ionizing particles.” 
An estimate of the temperature increase of the F region during or just after a 
magnetic storm can be made on the basis of the F, layer elevation above its normal 
level. Thus, for instance, the severe magnetic storm of 24 and 25 January 1949 
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(when oscillations on the H component exceeded 400 gammas) was followed by 
a period of marked depression in the “fo F,” values, accompanied by greatly increased 
h,, values of the layer (4:9 Mc/sec and 400km respectively on 26 January at 
1300 hrs G.M.T., against 9-5 Mc/sec and 275 km respectively on 28 January, 
as recorded at the PorTiers station). The temperature increase on 26 January 
against normal, corresponding to the recorded h,, values, when calculated by the 
usual method, appears to have been of about 35%. 

On the other hand the maximum ion production rate drop corresponding to 
the above temperature increase is of about 26% only (1/a=0-74). This value 
appears to be rather insufficient alone to justify the important critical frequency 
drop recorded. It seems thus that a concurrent increase of apparent recombination 
and attachment coefficients has to be invoked. 


VI. CoNncLusION 


The preceeding discussion leads to the conclusion that temperature variations 
of the upper atmosphere are playing an important role in the layer formation and 
morphology, and that the F, layer seasonal and diurnal behaviour is practically 
always in accord with CHAPMANs ion production theory, when temperature changes 
are taken into account. Moreover, magnetic storms’ effects on this layer appear 
to be essentially due to an abnormal heating of the gases subjected to photo-ioni- 
zation, by arriving corpuscules’kinetic energy dissipation and by currents set up 
in the ionosphere. Other evidence of temperature variations in the upper atmos- 
phere can be seen in the seasonal changes of the absorption of short waves which, 
as is well known, increases substantially in summer; indeed if temperature and thus 


partial pressure of gases in the D region are higher in summer, the absorption coeffi- 
cient, which is a function of the pressure, should increase accordingly. 
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ABSTRACT 

The ionospheric data for the F,-region over Calcutta for the period January 1946 to January 1950 are 
analysed with a view to determine the amplitude and phase of solar tidal drifts (both semi-diurnal and 
seasonal), to explain the anomalous ionization changes of F-region and to determine the values of the 
recombination coefficient in summer and in winter. MartyNs mathematical analysis on ionospheric 
tides has been extended for this purpose. It is found that: (i) The resultant drift velocity at Calcutta 
is 12 km/hr in both summer and winter, and 17 km/hr in the equinoxes, being maximum downwards 
at 1630 in summer, at 1500 in the equinoxes and at 1330 in winter; (ii) the observed anomalous varia- 
tions of F’, ionization, both in night and in day-time, are explained taking into account the effects of 
both recombination and tidal drifts; (iii) the calculated values of the coefficient of recombination are 


all of the order of 1071! cm/sec. 


1. INTRODUCTION 
A general discussion on the tidal effects in the ionosphere based on analysis of 
ionospheric data of Calcutta, Delhi and Chunking has been given by the author 
elsewhere [1]. The present paper deals exclusively with Calcutta data for the period 
January 1946 to January 1950. It is intended 

(i) to determine the amplitude and phase of the solar tidal drift velocity at 
Calcutta*, 

(ii) to determine the relative importance of the two drift velocities-semidiurnal 
and seasonal, and to separate the effects of one from the other, 

(iii) to find out how far the observed anomalous variation of Fy layer ionization 
at Calcutta may be explained by the tidal effect, 

(iv) to determine how the values of the coefficient of recombination are affected 
by tidal effects. 

The data used are the hourly values of critical frequency, f° F,, height of maxi- 
mum ionization, h,,,,/,, and the height of minimum ionization, h’ F,, from January 
1946 to January 1950 as recorded in the Jonosphere Laboratory of the University 
College of Science, Calcutta. Much greater attention has been given to the f° F, 
data than to hyax/, or h’ F,. One reason for this is the insufficiency of the height 
data at Calcutta which are mostly 3-hourly. The other reason is that the N,, varia- 
tion bears at least some resemblance to Chapman curves and variations in f° F, 
have less statistical scatter than those in h,,,,f, or h’ Fy. 

To carry out the work listed above, it was felt necessary to extend the mathe- 
matical analysis of Martyn on lonospheric tides [2-6]. It may be recalled that 
the continuity equation as developed by Martyn is 


oS =i + ee, (1) 


ct C2 


* The mixed commission on the Ionosphere, in their sixth session (1948) at Brussels recommended 
that all ionospheric stations should be encouraged to examine their data for solar and lunar tides. 
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In carrying out the analysis, however, MARTYN neglected both the first and the 
second terms-rates of ion production and ion recombination. MArtyNs analysis 
is, thus, necessarily approximate and cannot be utilised for determining the value 
of the recombination coefficient, which is one of the purposes of our study. We 
have, therefore, con- 
sidered the continuity 
equation: 


450 370 


2 (Km) 


himax fa 


in which only the ion 

production term has 

been omitted. This, 

however, does not af- 

fect our results as we sa dice ene Rene dete 
worked mostly with LOCAL MEAN TIME 
night-time data when Fig. 1. Average diurnal variations of hmax F, and h’F, for Region F, 
I is regarded as zero. for Calcutta (January 1946 to January 1950). 

In solving the equation 

account has been taken of the fact that both amplitude and phase of the drift 
velocity may change with height. 








The more general continuity equation has thus been utilised in determining the 


nature and magnitude of the tidal drift, in explaining the observed ionization 
variation, and in evolving a new method by which the recombination coefficient 
can be calculated with much more rigour than 
was possible until now. 


Table 1 





TipaL EFFEcTs IN h,,,x, 2’ AND f° 

or F, REGION OVER CALCUTTA 
Tidal effects as determined from the -Calcutta 
ionospheric data are as follows: 

(i) Both Aya, and h’ F, show strong semi- 
diurnal ‘periodicity (Figure 1) with one maximum 
near noon and the other near midnight [1]. The 

, . : : , (k denotes the order of the harmo- 
night-time maximum is, however, less prominent ; ore 

- ‘ : : nic, A; the amplitude of the harmonic 
than the day-time one. Harmonic analysis of the — of order &, and t, the corresponding 
averaged h,,,,F, data yields the following results _ time of maximum after midnight.) 
for the first four harmonics. 

It will be noticed that the amplitude of the semidiurnal component arising from 
tidal velocity is about half of that of the diurnal. 

(ii) Tidal effects are also observed in f° F, data [1]. When the ionizing term due 
to direct solar radiation is removed by taking the differences between the /° F, 
values at Calcutta and at Delhi and Chunking, the tidal effects become immediately 
prominent. When harmonically analysed the curves give for the semidiurnal 
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harmonic, the results as shown in Table 2. It may be noted that the amplitude of 6/° F, 
variation is nearly the same for both cases, beingslightly higher for Chunking-Calcutta. 


Table 2 





Time of 
maximum after 
midnight 


Amplitude 


Station (Mejs) 


0-8025 
0-8002 


Chunking-Caleutta 
Delhi-Caleutta 











08 10 /4 
LOCAL MEAN TIME 


Fig. 2. Difference between average hourly values (0/°F,) of /°F, 
for 7 March to 21 March and the same quantity for 22 March 
to 1 April. 

25 








LOCAL MEAN TIME 
Fig. 3. /°F, curves for Chunking and Calcutta for summer (/) 
and winter (D). 


(iii) Evidence of a sea- 
sonal tidal velocity, besides 
a semidiurnal one, are also 
obtained. These are as fol- 
lows: 

(a) The differences in 
average hourly values of 
critical frequencies at Cal- 
cutta for the period 7 March 
to 21 March and those for the 
period 22 March to 1 April 
show a clear semidiurnal 
swing (Figure 2). The only 
satisfactory interpretation 
of this is that a large change 
has occured in the semi- 
diurnal component at the 
equinox. 

(b) When the time of 
occurence of maximum hax 
for each month is plotted [1], 
a distinct seasonal swing is 
observed; the maximum is 
lhr before noon in summer 
and Lhr after noon in winter. 

(c) The 6/°F, values for 
any pair of stations with 
Calcutta as one of the pair, 
show a change of phase 
from summer to winter. In 
Figure 3, 6/°F, values for 
the pair Chunking-Calcutta 
are shown for both summer 
and winter. A change of 
phase of 6f° F, will be no- 
ticed in the Figure. Such a 
change can only be attrib- 
uted to a seasonal semi- 
diurnal tidal drift. 


3. INFLUENCES OF RECOMBINATION AND DRIFT 


The equation of continuity at night is given by 


oN oO - y 
= Nv) —aN? 
ot oe 
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where x—effective coefficient of recombination, 
v—resultant drift velocity measured positively downwards, 
N—density of ionization. 
It is known that « is variable. In a previous paper [7] the variation of « with n, 
the density of neutral particles and with N,, and 7 has been discussed. There it 
has been shown that the variation is given by 


am eee 


where #-coefficient of attachment, and y= fn=y e ”*, p being a constant. 
Now, the resultant drift velocity v has a semidiurnal and a seasonal component. 
The semi-diurnal drift velocity may be represented by 


V1 = U4 9¢ “7 sin (wt + 02) (4) 


where v, is measured positively upwards and in units of scale height H, 
w — 30°/hr, 
z— reduced height (h/H, h being measured from the datum level), 
y’ —a positive constant of order unity giving the decrease of v with height. 


The seasonal drift velocity may be represented by 
Vp = Vq9e “*sin(w@t+oz+ 4t+ 9), (5) 


where / = 30/month, thus making the seasonal drift velocities in summer and winter 
completely out of phase as required. 
Compounding (4) and (5), we have, for the resultant drift velocity, 
v == [Vig + V30 + 2049 Veqcos (At + D)]}! x e~”? sin (wt + oz + 0) 
where in(at-+) 
st ne 
calla Vig + Vs9 COs(At + D) ° 
Equation (6) can also be written as 
v=e 77, Fsinz = ye "sin 2, 
where 


x=(ot+oz+6), and F= rE + | “se! +2 ("| cos (At + DB) J (9) 


VY 0 


Then from equations (3), (8) and (2), remembering that at the level of maximum 
ionization N,,,. 
(10) 
we have 
log N= C —- yt + 4% -e-¥2sin (x + 8), (11) 
@ 


where A= Jo+y? (12) and tan &= y/o. (13) 


C is an integration constant. Its value may be obtained by assuming that N,, = N, 
at t=0. Hence 
C = log N,— Ato eva sin (oz, +6-+ 6). (14) 


@ 
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We. then. have 


Nm rN ears tear ee Nha ae . 
log" = © SN (G%q+ 0 + §)— yt + - e ¥* sin (a + &). (15) 
ee 

Since in ionospheric measurements we measure f° (which is proportional to the 
square root of N,,), it is convenient to refer the above equation directly to f°. We 
then have 
‘hs te. a Aly ae a ° 
2 log = e~¥% gin (9 z+ 6 + &)— yt + °e—¥%sin (a + &). (16) 

ho 7) ) 
At night at Calcutta fluctuations in Z are not larger than 0-25. 
Hence e- ”* may be considered as constant for any season. Thus writting 
= A> en vz. 


wo 
we have 


’ =< P —_ yl aa G sin (x a &) | 


Av tins ‘s 
where P=— —*%e-¥*sin(oz, + 6+ 6). 
@ 


The following interesting conclusions may be deduced from the above expression: 

1. The effects of recombination and drift velocity are independent of each other. 
The former adds to or subtracts from the latter according as the drift is down- 
wards or upwards (vide infra). 

2. The manner in which the drift velocity will affect the N,, variation depends 
both on the height gradient of the drift velocity (y’) and the phase of the drift. 
This point is discussed in details as follows: 

Case I. y’ small.—In this case 

2 log i = P—y,e t+ Gsinz. (19) 
In other words, for downward drift (~ > 0° > 180°) ionization may increase above 
the Chapman value, and for upward drift (2 > 180° > 360°) may fall below it. 


Case II. y' large.—In this case & is nearly 90°. Hence 
a —pz . ' ‘ 
2log =, = P—ye’?t+ Gsin(x+ 90’) . (20) 

0 


Here N,, decreases for downward drift and increase for upward drift. Both tidal 
drift and recombination assist each other to produce these effects which are, con- 
sequently, much pronounced. 

Equation (18) yields useful expressions for the important quantities y and G. 
Eliminating the constant term C, and assuming a constant nocturnal value of Z 
for any season (vide infra), we have 

5 Ny 
y= 9-3 10°? log (21) 


0 ’ 
Y +180 


where fy and f) .,<9 are the values of the critical frequencies corresponding to 
“~=y and x=y-+ 180° where y is given by n . 90°, n being odd. 


Also 
G =log [Mp] [fo «0°! 


(75) (79, 190°] 
where ® is 180° or its multiple. 
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4. DETERMINATION OF THE AMPLITUDE AND PHASE OF THE F, REGION 
TipAL DRIFT OVER CALCUTTA 


In order to determine the tidal characteristics, the f? F, data for the period January 
1946 to January 1950 are classified under three heads as follows: Northern solstice 
months (May, June, July and August), equinoctial months (March, April, September, 
and October) and southern solstice months (November, December, January and 
February). These are denoted by J, HL, D respectively. The hourly averages for 
these three groups are shown in Figure 4a, b, c. The following distinctive features 
are observed: 

(1) Maximum WN,, occurs at 12 noon in # months and at 1030 in D months. In 
J months there are two maxima during the day-time, one at 1030 and the other 
at 1630 hr, the average time of occurrence being 1330 hr. (There are also two maxima 
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Fig. 4a, b, c. Average diurnal variation of critical frequency at Calcutta (January 1946 to January 
1950) for the three seasons J, EF, D. 


during day-time for the # months; these, are, however, not so marked as for the 
J months.) 

(2) The day-time values of N,, are largest in D months, and smallest in J months. 

(3) In the J months the night-time and afternoon decays are very slow; in the 
D months these are very rapid. (This has the effect of diminishing the apparent 
values of the recombination coefficient.) 

Now, from Martyns theory, we know that for low latitudes the maximum 
downward drifts occur at 1200 for the semi-diurnal, at 0300 for the seasonal in 
summer and at 0900 for the same in winter. The phases at Calcutta may also be 
assumed to be as above. 

The phase of the tidal drift in the F, region which is the resultant of the diurnal 
and the seasonal components cannot, however, be directly determined from the 
above values of phase. These can be estimated from the times at which N,, reaches 
the maximum for the different seasons. From Figures 4a, b, c—it is seen that the 
maxima occur at 1330 in summer, 1200 in the equinoxes and 1030 in winter. Since, 
when y’ is large [as it certainly is (vide infra)] the maximum of N, leads the drift 
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by about 90°, the maximum of the downward resultant tidal drift will occur at 
1630 in Summer, 1500 in equinox and 1330 in winter (Table 3). Thus we have 


Oo; = 135°, Or = 90°, Op = — 45°. 


It is readily seen from equation (7) that these values of the phases of the resultant 
drift are possible only if 

ae 

Y10 
The result arrived at is significant. It shows that at Calcutta the magnitude of the 
seasonal drift is practically equal to that of the semidiurnal drift. 

The above result may be compared with that obtained by Martyn [2] by a 

different mode of attack. On the assumption of a series of velocity potentials, a 
typical term of which is a surface harmonic given by 


Wr = As P,, osin {o(4 + t) — ap}, 


the tidal velocity is 


ef of 
wm? / oO 
v= > A? S26 cos? 8 — . 
Lo ~ | meres Vi 


o=0n=1 (23) 


— sin 20-Pan +i} x sin {o (A + 1) — aR}, 


a(d* + w?)(4—3 sin? 9) 


where G—co-latitude. 
w—He/m, 
#—mean collisional frequency of an ion with an air molecule or atom, 
A—longitude of the place, 
a—phase constant, 
A’—a constant factor expressing the amplitude of the harmonic of order o 
and degree n, 
P°—a corresponding Legendre function. 
For a latitude of about 12° corresponding to the geomagnetic latitude of Calcutta, 
and taking A= 88° E, equation (19) gives 
Tse ~ 1-20. 
“10 
This agrees well with the result of the previous analysis. 
To determine the magnitudes of the drift velocities we first determine the 


value of G(= At e-"'2) from equation (22). The values of critical frequencies used 
o a q 


are the observed nocturnal values for Calcutta, averaged for the three seasons J, 
E, D, during the period 1946-1949 inclusive. The day-time values are rejected, 
because for these the equations (15), (18) do not hold. The values of G thus obtained 
are 0-05 for summer, 0-10 for the equinoxes, and 0-15 for winter (Table 3). 

The values for tidal drift velocities can now be obtained from the values of G, 
if o, y’ and Z are known. 

o is assumed to be 0:3 radians after MARTYN [3]. 
The value of y’ is not known with precision, except that it is a positive constant 
of the order unity. However, it is expected to be a large fraction of unity as seen 
from the following considerations. 
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In Section 3 it has been shown that for large values of y’, N,, decreases below 
the CHAPMAN value when the drift is downwards, and increases above it when it 
is upwards. This is exactly the case with the observed ionization variations. In 
summer morning and early noon, for example, the drift velocity is upwards and 
reverses its phase only as late as 1330, when J, the rate of ion production is beginning 
to decrease. For large y’, this would mean a high general level of ionization through- 
out the day. That this is actually the case supports our original assumption. Exam- 
ples like this can be multiplied, taking different seasons into consideration, but we 
need not go into these details. One may also remember that a large value of y’ 
is consistent with the nature of bifurcation of the composite F-layer as observed 
for different seasons. One may therefore assume y’ to be somewhat near 1-0, say 
0-7. (It may be noted here that slight error introduced in the value of y’ does not 
seriously matter.} 

G is thus equal to 1-2 v)e 

This gives, for the three seasons J, E, D, 


—07Z 


0-05 e072) — 1-5 
0-10 69 28 — 1-2 (v)z, 
0°15 e740 — 1-2 (v9)p 
where (v9)y, (Up)z. (Vp)p give the resultant drift velocities for the three seasons. 
Further, as is evident from equations (8) and (9) 


] 


(Uy = (Y)p = ‘o)E- 


= 2 (Vp 


Hence any of the above three equations gives the desired values of the tidal drift 
velocities. For Calcutta Z, = 2-5(h, = 300 km): hence 
(U)y = (pp ~ 12 km/hr; (vp) g ~ 17 km/hr. 
Also both the seasonal and the semi-diurnal drift velocities are approximately 
equal to 9 km/hr. 
Table 3 





Time at which vo is 
Vo (km/hr) 


maximum downwards 


0-05 
0-10 
0-15 





5. EXPLANATION OF THE OBSERVED N,, VARIATION 


m 
The various features of the observed seasonal and diurnal variations of N,, as shown 
in Figures 4a, b, c may now be explained. 

In summer in the morning the resultant drift is upwards. There will thus be 
high N,, values. As the drift velocity reverses its phase as late as 1330 (when J 
is beginning to decrease), very little of the ions produced during the day will be 
lost by recombination. A high general level of ionization is thus expected during 
the day. 
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In winter the drift is upwards till 1030. Thus from morning to 1030, N,, will 
rise above the CHAPMAN value. At 1030 the drift begins to be downwards, but 
attains maximum only at 1330. Consequently during the major part of the morning 
the loss due to recombination is little, and becomes comparatively large only at 
noon or thereabout. 

It is not evident, however, from what has been stated above, why the winter 
values should be larger than the summer values. This is explained when we remember 
that G is very large in winter (vide swpra)—almost three times its value in summer. 

One interesting point may be noted here. MartyNs original treatment which 
assumed larger value of drift velocity in summer failed to explain the large day-time 
values of N,, as observed in low-latitude stations like Calcutta. By assuming that 
the drift velocity in winter is not less, but greater than that in summer, this difficulty 
can be met, but the phenomena of bifurcation cannot then be properly explained. 
In the present treatment, however, the variation in N,, has been shown to depend 
on @ rather than on v. This has the advantage of meeting both the difficulties 
mentioned above. As already shown G is larger in winter than in summer, while 
v may be assumed to be the same or even less. The former explains the large day- 
time values of V,,, in winter, while the latter explains bifurcation of the F-layer as 


has been done by Martyn [5]. 


6. DETERMINATION OF THE EFFECTIVE RECOMBINATION COEFFICIENT 
The effective recombination coefficient is usually deduced from the relation 


d Nn Sienwe 72 (24) 


dt a 


However. when there are large tidal effects on the N,, variation, one should use 
instead the mere general relation given by equation (1). 

This equation has been solved in Section 3 for night-time conditions, assuming 
a—=y/N,,. The value of y can be determined with the help of equation (21). The 
values thus obtained are 1-29 x 10-°/s in summer, 1-66 x 107°/s in equinox, and 
1-75 x 10°°/s in winter (Table 3). « can then be obtained by dividing the value 
of y by the electron density at the time. The values of « thus obtained are all of 
the order 10°" cm/s, being higher in winter (3 x 10°" cm/s) than in summer 
(1-5 x 10-1! em*/s). The ratio of the winter to summer value is thus only 2:1, and is 
much smaller than that deduced from equation (24). 

It may be noted that variation of y is much less than that of «. The latter 
depends on electron density as well as height, while the former depends only on 
height. It appears that the term coefficient of recombination is better applied to 
y than to x. This will simplify the evaluation of the coefficient and ensure better 


constancy. 
7. CONCLUSION 


The following is a summary of the results obtained: 

(i) In the F, region over the latitude of Calcutta seasonal and semidiurnal 
vertical drift motions of ions due to tides are of nearly equal magnitudes. The 
resultant drift velocity is 12 km/hr in summer and winter and 17 km/hr in the 
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equinoxes. The resultant drift a maximum downwards at 1630 in summer, 1500 
in equinoxes and 1330 in winter (Table 3). 

(ii) The observed anomalous yariations of Region F, ionization both in night 
and in day-time can be explained if the effects of both recombination and tidal 
drift are taken into consideration. 

(iii) The recombination coefficient («) has been determined by a method which 
takes into account the important effect of solar tide. The values of the coefficient, 
thus determined, are all of the order of 10°" cm?/s, the winter value being twice 
as large as the summer value. 
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ABSTRACT 

New measurements of sea-level meson intensity by means of a triple-coincidence counter arrangement 
with lead absorber have confirmed the positive correlation previously found between this intensity and 
the temperature of the air limited by the 200 and 100 mb isobars. Also, as before, lower layers appear 
to have no appreciable contribution to this temperature effect. 

To ascertain whether the effect is restricted to the temperature of the 200-100 mb layer or extends 
to higher regions, the analysis of these measurements and of those formerly made has been extended 
to include the temperature up to the 50 mb level. The results show that the correlation of meson inten- 
sity with the temperature of the whole region 50-200 mb is always better than that with the temperature 
of the 100-200 mb layer. The magnitude of the effect in the first case appears to be twice as great. 

Another feature is that the effect seems to decrease with increasing zenith angle of the particles 
traversing the recorder. 

All these features appear to be satisfactorily explained by assuming that 4-mesons at sea-level are 
the result of disintegration of a-mesons produced in the upper atmosphere and that the absorption 
of the a-meson producing primaries follows an exponential law. 

The observed values of the effect seem, however, to be larger by a factor of 2 or 3 than can be ex- 
plained by such an assumption. To account for this effect it would be necessary for the lifetime of the 
at-meson to be of the order of 7 or 8 x 10° sec. 

The possible contribution to the effect by heavier mesons is considered. 


1. INTRODUCTION 

In a recent paper [1], a positive correlation between meson intensity at sea-level 
and the temperature of the air layer limited by the 200 and 100 mb isobars was 
reported. By accepting the view that mesons at sea-level are for the most part 
the result of disintegration of a-mesons, it was shown that this correlation might 
be explained, at least qualitatively, by a competition between nuclear absorption 
and decay of z-mesons. 

Lower Jayers appeared to have no appreciable contribution to this positive effect. 

It was obviously of interest to ascertain whether the effect is restricted to the 
temperature of the 200-100 mb layer or extends to higher regions. With this in 
mind, new measurements of the meson intensity at ground-level have been under- 
taken and an effort has been made to correlate the results with the rather scanty 
meteorological information which is available for pressure levels higher than the 
100 mb. 

The previous paper will be quoted throughout as Paper I. 


2. MEASUREMENTS AND METEOROLOGICAL DATA 


(a) The meson intensity has been measured by means of a counter arrangement 
consisting of three trays of counters of three units each as before, with a lead absorber 
of 40 cm thickness. In order to minimize the importance of the statistical fluctuation, 
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the upper and intermediate trays, directly above each other, were separated from 
the lower tray by a block of lead only 10 cm thick, and the remaining absorber 
placed closely above. The corresponding aperture angles of the recorder were 
36 <x 71° to the vertical and the counting rate was about 12,400 triple coincidences 
per br. In the previous measurements, when only 25 cm of lead were used but the 
whole amount was placed between the counter trays, the aperture angles and the 
counting rate were 18 x 60° and 7,400 coincidences per hr. 
The recorder was installed on the top floor at Birkbeck College, London. 

(b) For the analysis, the hourly numbers of coincidences as well as the barograph 
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Fig.1. Variation of temperature in the  Fig.2. Variation of temperature in the upper atmosphere 
upper atmosphere as obtained from 150 as a function of the pressure at sea-level. L = Low 
radio-sonde observations. pressure; J = Intermediate pressure; H = High pressure. 


readings at the station have been averaged in groups of 24hrs centred for con- 
venience at 00-30 G.M.T. 

The upper-air data have been extracted from the Daily Weather Report of the 
Meteorological Office, London, using the radio-sonde observations made every day 
at 03, 09, 15 and 21 hrs at Larkhill (about 100 km to the south-west of London) and 
at Downham Market (about 75 km to the north-east). Thus the height of any pres- 
sure-level used is the mean of eight different determinations. 

Rather often, one—-but rarely two—of the eight radio-sonde balloons which 
correspond to each day failed to reach the 100 mb level. In these cases, the missing 
data have been obtained by interpolation after considering the data from the 
nearest ascents and the simultaneous ascents at the other station. The error so 
introduced in the average value for the corresponding 24-hr group is negligible. 

The position regarding the data for the 50 mb level is not so good. The Weather 
Reports give, as a rule, from 100 mb upwards the temperatures which have been 
observed at intervals of 10 mb. Were all the radio-sondes successful in attaining 
the 50 mb level, 48 readings would be available for the computation of the daily 
mean temperature of the layer between 100 and 50 mb, but the number of readings 
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rarely reaches this figure and on the average only 22 to 25 readings are available 
for each day. However, as the vertical gradient of temperature within this region 
appears to be very small, this number of readings can be used, with the help of a 
reasonable extrapolation, to obtain the daily mean temperature with a sufficient 
approximation for the present purpose. To illustrate this, the mean temperature 
at levels starting at the 200 mb level as computed by using the data from 150 ascents 
have been plotted in Figure 1. The sea-level pressure at the time of these ascents 
covers the wide range 986-1036 mb. Thus, it might be said from this Figure that 
on the average the vertical gradient of temperature within the 100-50 mb layer 
is practically zero. To see, however, whether the atmospheric conditions have any 
influence on the vertical distribution of temperature, the whole set of ascents has 
been divided in three groups of fifty each according to the pressure at sea-level. 
The results have been plotted in Figure 2. The line (Z) corresponds to ascents at 
the time of which the pressure was lower than 1008 mb; the line (H#) to ascents 
when the pressure was higher than 1023 mb, and the line (/) corresponds to pressures 
between these two limits. As the Figure shows, there is a tendency for the tempera- 
ture within the layer to decrease with height when the pressure is low and to increase 
when the pressure is high, but the change in both cases is fairly regular and not 
sreater than 2° C for the whole layer. If in order to compute the mean temperature, 
we extrapolate the readings of a radio-sonde stopping somewhere within this layer, 
after consideration of the atmospheric conditions prevailing at the time, the error 
so introduced is therefore likely to be unimportant, particularly when compared 
with the instrumental error of a single reading, which according to Dymonp [2] 
amounts to + 0°4°C. 


3. ANALYSIS OF THE Data. 
(a) In former studies, when considering the effect of meson decay on the intensity 
of cosmic rays at sea-level, it was assumed that the majority of mesons originated 
at the same pressure-level. (Accordingly, we introduced the height of this level 
as a controlling factor for that intensity.) 

If, however, the mesons are formed exponentially, as the recent finding concer- 
ning the exponential absorption of the meson producing nucleons seems to suggest, 
we must take this into account in the analysis of the variations of cosmic-ray inten- 
sity from day to day. ; 

Let us assume that mesons are produced exponentially by primary protons and 
that the mean free path, R, for a nuclear absorption of a proton is independent of 
energy. Consider first the mean depth of the mesons produced vertically before 
flying down to the surface of the earth. If the ionization momentum loss of the 
primaries is neglected, the mean depth, ¢,, below the top of the atmosphere, at 
which the mesons are produced, is given by 
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where J/L is the rate of protons entering vertically the atmosphere. If R is of the 
order of 100 g/cm?, then for the depth ¢~1000 g/cm? of the whole atmosphere, 
(,~ R~ 100 g/cm?. This applies, of course, to particles directly formed in the 
interaction of the primaries with air nuclei, but for the present purpose we may 
take these particles as ordinary mesons. The production of -mesons when these 
are considered to be the result of disintegration of z-mesons is dealt with in a later 
section. 

Consider now the rate, N,, of mesons arriving at sea-level. To obtain it, use 
can be made of the expression given by JANossy [3] for this rate when all mesons 
are supposed to originate at one level only. Thus, in the case of exponential produc- 
tion we have 

1000 
[ J o—tR | 1000 (1 : Ps) eB P4 ]—2 Heer (P, + Pa) yy (1) 
| ¢ P, P, 
0 
where P, is the average momentum of mesons arriving at sea-level, P, the absorption 
loss through the whole atmosphere, z) the height of the homogeneous atmosphere 
and « and t the mass and lifetime of the u-meson respectively. 

If all mesons were supposed to originate at their mean depth of formation, then 
we can write for the rate N, at sea-level 
1000 / Py ) Py 2 uelet(P, + Pa) 


No = (J — J e- 1000 n)| (1 ae 3 2 
¢ ' 1 1 


Putting Ph = 4:5 x 10%ev/e (which is the average value corresponding to the 
cut-off momentum of the recorder), R= t,= 100 g/em? and giving the other con- 
stants their ordinary values in (1) and (2), it can be seen that N,—Nj,<0-1 N). 
(N, and N; would in fact have been equal had we taken ft, to be about 75 g/cm? 
instead of 100 g/cm?.) 

When studying the fluctuations of cosmic-ray intensity, mesons can therefore 
be supposed with a good approximation to originate at one pressure-level only. 
though there are actually produced exponentially. In other words, the variations 
from day to day, or from month to month, should be well correlated with the height 
of a pressure-level numerically equal to, or rather less than, the mean free path 
of the primaries. 

(L) The following six periods of observations have been analysed separately: 
28 June—18 July, 20 July-2 Aug 1949 (35 days), 
21-23 Oct, 25 Oct—8 Nov 1949 (18 days), 
20-28 Nov, 30 Nov—20 Dec 1949 (30 days), 

31 Jan 1950 (30 days), 

2 Feb 1950 (22 days), 

7, 19-23 Mar 1950 (21 days). 

For “periods of observations” we mean the time during which nothing had to 
be altered in the recorder. It will be seen that one day is missing in each of the 
periods J, 2, 3 and 6. This is because for one reason or another the number of hourly 
observations during these days was not complete. 

For the analysis it has been considered convenient to follow the same method 
as in Paper. Thus we have begun by assuming that the day-to-day variation of 
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meson intensity is a function only of the variation in the mass of air over the station 
and of the change in height of the pressure-level at which, in the sense explained 
above, mesons may originate. The correlations relevant to this assumption, which 
have been obtained for each period, are given in the following table, where J repre- 
sents the meson intensity, B the ground pressure and H the height of the pressure- 
level put to the test. 

Table 1 





Pressure- ; : : Pressure- . s 
"BH "ha SB "7 Bon level (mb) 4 "BH TTH.B 


level (mb) 


Period 1; rz zp = 0-70 Period 2; r7z — 0:96 
0-35 0-33. — 0-17 0:66 50 — 0-48 0-39 — 0-41 

— 0-68 0-55 -0:-50 0-53 100 — 0-61 0-55 ~ 0:38 
0-80 0-55 | —0-69 — 0-5] 200 — 0:76 0-7] 0:40 
0-79 0-76 | —0-55 —0-25 500 0-93 0-90 — 0-48 

— 0-76 0:97 | — 0-45 0-21 900 —0:96 | 1:00 —014 


Period 3; 77 p = 0-91 Period 4; r; z 0-80 
50 0-07 -20 0:27 50 0-58 0-62 0-17 
100 — 0-08 -14 0-49 100 0-81 0-57 0-71 
200 — 0°56 *34 0-63 200 0-81 0-47 | —0-82 
300 — 0-64 -48 — 0-57 500 — 0-88 0-63 0-80 
500 0-74 -68 0:4] 900 0-89 0:96 | —0-71 
900 0-88 -99 0-43 | 





Period 5; r7 p = — 0-97 Period 6; r7 p = — 0-98 
50 0°35 “44 0-34 0:97 50 — 0°45 0-33 ~ 0-67 0-98 
100 — 0:56 ‘47 —0-50 0:97 100 0-71 0-61 —0-71 0-98 
200 — 0-86 “80 0-53 - 0-9] 200 0-96 0-92 0-72 — 0-86 
500 0-92 -90 0-43 0-83 500 — 0-98 0-95 0-82 0-80 
900 0-97 -99 0-39 0-14 900 0-98 1:00 0-48 0-00 





To facilitate the comparison of the results for different pressure-levels, the 
weighted means of the correlations which appear in the last two columns of the 
table have been plotted in Figures 3 and 4. The points on the curves I refer to the 
correlations reported in Paper I, with the exception of the point for the 50 mb level 
which has only now been computed. It can be seen that the two series of measure- 
ments give entirely similar results. The correlation of meson intensity with ground 
pressure is in both cases the greater the higher the level chosen, but the correlation 
with height at constant ground pressure drops significantly as the 200 mb level is 
passed. 

The high values of the correlation 7; , for the region between 500 and 200 mb 
shows that the state of expansion or contraction of the atmosphere up to these levels 
has a comparatively strong bearing upon the meson intensity. As this effect is 
most likely due to the instability of the ordinary meson, the fact that the correlation 
drops systematically when higher levels are considered might be taken as indicating 
that the mean height of production of the mesons produced in the atmosphere lies 
well below 200 mb or, in other words, that the mean free path of primary protons 
for a nuclear absorption is at least twice as great as it is generally admitted 
(1 mb ~ 1-02 g). 
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If the present view concerning the origin of the penetrating component is accepted 
and, therefore, the above conclusion rejected, we must look for another factor which 
might be responsible for the particular trend of curves I and II in Figure 4. 

In fact, it was shown in Paper I that this factor might be the temperature 7), 
of the air layer limited by the 100 and 200 mb isobars because this temperature was 
found to be closely and positively correlated with the intensity of the penetrating 
component at sea-level and, moreover, this correlation provided an explanation of 
the variation of r;_, With height. In particular, it can be seen that were the effect 
of 7,, real, the correlation with the height of the 200 mb level (rz, ) has to be in 
general numerically greater than the correlation with the 100 mb level (r;y,_z). 
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Ma ae Be a ee -08 “06 “04 “02 = 
Correlation coefficient Correlation coeficient 
Fig. 3. Average correlation of meson intensity with Fig.4. Average correlation of meson intensity 
ground pressure at constant height of pressure level for with height of pressure-level at constant 
different pressure-levels. I From former measurements; ground pressure. I From former measure- 
II From measurements as reported in this Paper. ments; II From measurements as reported 


in this Paper. 


This is the important feature of Figure 4. Let us suppose that this is so and consider 
the correlations of J with H, and of J with H, at constant atmospheric pressure B 
and constant 7,, temperature. According to standard equations of partial correlation 
analysis 

a TT H. a rl Tae: BX aa Ti2. 2 

: * (1-17 7,. 2)? (1 — h,7,,.B)? 


. _. TEHy. B— TT Ti2, BX TH F12-B 
IHR;. BP, FF 2 1 2 iy 
— O- ee Pe ee 
The terms on the left-hand side of the two equations are identical because the 
fluctuations of H, and H, are obviously the same if the temperature between these 
two levels remains constant. Thus, we have 
"TH. B rT H,.B . THT. B TH, T12.B 


a 2 == * Fie, Be = ~— = : 3) 
(1—"h,7,,.B)! G- YH, Ty.B)* fe hae "H,T,,.B)* (1 — V1, 7,,.B)* 


The meteorological correlations ry,7,, 3 and ry, 7,,, 3 ave weather dependent but, 
usually, they are both negative and the former numerically greater than the latter. 
If the correlation of meson intensity with 7;, is positive, then the right-hand side 
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of (3) is negative and consequently 7;;,,., must be in general numerically greater 
than r;y,.z- the amount of the difference depending on the atmospheric conditions 
during the period of measurements. 

The decrease of 777, as the 200 mb level is passed, does not therefore necessarily 
mean that mesons originate below this level. It may well be that they come, say, 
from the 100 mb level and that the temperature 7, is the factor which, together 
with H, and B determines the day-to-day fluctuations of the penetrating component 
at sea-level. 

To see if the new experimental results are consistent with this hypothesis we 
compute the partial correlations of J with each of the three variables when the other 
two variables are supposed constant, as was done before. The following table gives, 
for each period, the results obtained together with the total correlations necessary 
for the computation (omitting those already given in Table 1). The weighted means 
have been calculated by using the function z [4]. 


Table 2 





Period TH, Tas TET TOIB.HiT:2 «= °1Hy. BT: | ‘I T12. BH, 


1 (35 days) 0-61 0-75 | 0-53 0-26 0-58 
2 (18 days) 0-57 0-74 0-92 — 0:33 0-14 
3 (30 days) 0-10 0-64 — 0-90 — 0-54 0-46 
4 (30 days) 0-39 0-50 0-78 0-66 0-58 
(22 days) 0-19 0-74 0-93 - 0-58 0-38 


a) 


6G (21 days) 0-44 0:27 — 0-87 — 0-60 0-38 


(156 days) Weighted Mean — 0-82 — 0-51 0:47 





The probability that these partial correlations should arise from random sampling 
of uncorrelated observations is less than 10-4 in the case of the correlation of J 
with 7), and still less. of course, in the case of the others. From the statistical point 
of view, therefore, the above hypothesis appears to be justified. In particular, the 
high level of significance of the correlation of J with 7,, confirms the positive effect 
of the 100-200 mb layer. 

Coming back to Figure 4, it may be noticed that the decrease of 7; , is most 
pronounced between 100 and 50 mb. In fact, as shown by curves I and II, the 
correlation between these two levels decreases numerically by 0-24 and 0-40 as 
against 0-10 and 0-20 between the lower levels, respectively. | 

If the decrease from 200 to 100 mb is due to the positive effect of the temperature 
in between, the opposite results might perhaps have heen expected. For even if 
the mesons were formed at the 100 mb level the correlation of J with the height 
of 50 mb should be but very little different from the correlation 1; ,_ z for the simple 
reason that these two levels are not far apart and the changes in their heights are 
entirely similar. The fact that the decrease between 100 and 50 mb is clearly greater 
seems to indicate, therefore, that the temperature of the 50-100 mb layer, T;,, has 
also a positive effect on meson intensity. To test this, we can correlate the intensity 
at sea-level with the temperature of either the 50-100 mb layer or with the whole 
region between 50 and 200 mb. This correlation must obviously be computed at 
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constant height of the 50 mb level to avoid the results being distorted by the negative 
effect that the temperature of these regions certainly has due to j-meson decay. 

We have thus correlated 1 with the temperature 7'’,, of the whole region 200-50 mb 
at constant ground pressure and constant height of the 50 mb level. The results 
obtained are shown by the last column of the following table. The first three columns 
give the relevant total correlations. 


Table 3 





| 
2 py), | Y 4 . 
Period | rpy,, THs Ts: TIB.HsTs: | ‘IHs.BTs: "I Ts:. BHs 


- 0-47 — 0-01 0-50 — 0-37 0-68 
0-60 0-04 0-93 0: | 0-31 
0-41 0-57 — 0-92 — 0 | 0-62 
0-18 0-07 0-75 . 0-81 
0-79 0:76 0-92 . 0-54 
(32 0:77 0:85 -56 | 0-42 


Weighted Mean — 0-81 ; 0-62 





It may be seen by comparing the last column of this table with that of Table 2 
that not only the weighted mean of the partial correlation with 7, is greater than 
the correlation with Fis Table 4 
but that this is so for 
every period. Period 

For the magnitude 





Xie 


0/ 
/0 


of these temperature 0-12 0-19 
effects, given by the 0-03 0-08 
regression coefficients j 0-07 0-13 


0-10 0-20 
0-03 0-08 
0-04 0-08 


«in percentages of the 

mean meson intensity 

per °C, we have ob- ia » 

tained the results | (0-075 +.0-010)% (0-143 + 0-015) % 1-4 

shown in Table 4. nae 
(The standard deviations of all the variables for each period 

Exactly the same are tabulated at the end of this Section.) 

results are obtained 

when extending the analysis of the previous measurements to include the 50 mb level. 

Table 5 compares the two correlations as well as the coefficients for the four periods 

which have been analysed. 


bo bo bt be 





Table 5 (From measurements in Paper I) 





Oy, 
“s = , 12 
Period 'IT.2.BH, | "I Ts2.BHs 0 ‘ 


oO 


0-75 )- 0-10 0-21 
0-77 : 0-14 0-28 
0-68 . 0-09 0-14 
0-63 . 0-14 0-25 


(0-124 + 0-032) % (0-228 + 0-045) % 
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It seems, therefore. unquestionable that the whole region between 50 mb and 
200 mb is not only effective but more so than the 100—200 mb layer. The fact that 
the ratio %;5/%,5 is about 2 in all the ten cases clearly shows that the effect of the 
50-100 mb layer is of the same order of magnitude as that of the lower layer of double 
mass. Thus it may well be that this temperature effect extends to the air still 
further up, in the absence of the necessary meteorological information we have not 
been able to test it. 

The results of the analysis made by considering the mass of air between 200 and 
300 mb show that the temperature of this air has no appreciable positive effect. 
From this and from the trend of the curves in Figure 4 it may be concluded that 
the whole region from about 200 mb down to sea-level is ineffective. 

Before leaving this point we want to draw attention to the fact that the positive 
effect of T;,(or T,,) as obtained from the new measurements is significantly smaller 
than the effect as obtained from the former ones. This is clear when the difference 
is judged by the magnitude of the probable errors given also in the two preceding 
tables. However, as it would be difficult to say at this stage which might the reason 
be for this difference, the matter will be relegated to the next Section. 

As for the other two variables H and b, we see by comparing Tables 2 and 3 
that the mean values of 77, g7,, and 77, y,7,, are practically the same as those of 
‘rH,.B7,,2N4d 1] p 4, 7,, respectively. The fact that the partial correlation of J with 73, 
is systematically higher than that of J with 7), indicates therefore that the fluctua- 
tions of meson intensity at sea-level are better accounted for by the set of variables 
bH,T., than by the set BH,7,,. It might be deduced from this that the 50 mb 
pressure-level would be more suitable than the 100 mb level to account for the effect 
of meson decay. But the difference between the residuals when using one set of 
variables or the other is so small that no real significance should be attached to this. 

For the coefficient of mass absorption when using the set BH, 7,, (as in Paper I) 
we have obtained (0-890 +. 0-043) « 107-3 em?/g, which is slightly greater than that 
found previously (0-77 + 0-12) x 10-3 cm?/g, but more in agreement with the value 


obtained from the measurements of the absorption curve in water (given in this 


1-56 
1800 
With the same variables, the decay coefficient appears to be (3-48 + 0-45) % per km, 
in good agreement with the former value of (3-90 + 1-10)% per km if we take into 
account the slightly greater momentum of the particles which have now been recorded. 
With the set BH,7;,, these two coefficients are found to be (0:89 + 0-047) x 
10-%cem?/g and (4:08+ 0-52) % per km respectively. 


case by — = — 0°87 x 10°? cm?/g). 


Table 6 
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4. EXPERIMENTAL RESULTS AND MESON PRODUCTION 


The interpretation of the above results, particularly those concerning the positive 
temperature effect, would undoubtedly require a precise knowledge of the process 
through which the penetrating component is produced. 

It is not known for certain how the mesons at sea-level originate. It is, however, 
generally admitted that they are, for the most part, the result of decay of z-mesons 
directly produced in the upper atmosphere by the action of the primary radiation 
on air nuclei. 

This view will be adopted here, but with the following simplifications. We shall 
assume that all primaries are protons which on being absorbed by air nuclei give 
rise to single 7-mesons moving in the original direction of the primaries. The proton 
energy loss by ionization will be neglected and, in conformity with recent findings 
regarding the absorption of meson producing nucleons, it will be further assumed 
that the absorption of the primaries follows an exponential law. The z-mesons 
produced may either be captured by air nuclei with which they collide or disintegrate 
into u-mesons and presumably a neutral particle. 

If J is the rate of primaries of a certain energy entering vertically the atmosphere 
per cm?, the rate of az-mesons produced per depth unit at the depth ¢ (reckoned from 
—t/Ry 

/ Vy 
where R, is the mean free path for nuclear absorption of the primaries. As the 
rate of capture of a-mesons is proportional to 1/R,, where R, is the mean free path 
for nuclear capture of z-mesons in g/cm?, and as the rate of decay is proportional 
to 1/L, where L is the mean range before decay in cm, the rate of a-mesons lost 


: n 1 Ne at 

between ¢ and t+ dt will be -7 dt+ —7 - 
Ry L o 
and 9 the density of air at ¢t. Thus, for the number of z-mesons actually formed in 


distance dt we have 


the limit of the atmosphere in g/cm?) will therefore be — . (Jen! ag that is 3 é 
€ 


if n, is the actual number of z-mesons 


J _ l ] 
dn, = R e t/Ry __ nN, | R ay I = dt . 
1 2 ae 


If the range of depths we have to consider is not very great. 9 might be taken, 
as a first approximation, as uniform with the value of the mean density in the region 
O —t. Subject to the validity of this restriction, the integration of the above equa- 
tion gives 

[ t t \] 
| | 


ea he a R, Le J (4) 


n= | 


Pr 4 R, 


Lo 


for the actual number of z-mesons at ¢. 
As the rate at which a-mesons are produced is (J — Je~¢*:), the number of 2- 


mesons lost on reaching ¢ has been 
,—t/R nD ‘ 
J—JS en, = 2, + 0, (5) 


where n, and n, are the numbers lost by capture and decay, respectively. 
. : dine Lo : 
Now, dn, and dn, stand at all depths in the ratio 3 c= a If o is constant, 
5 an Ls 
“ 2 
ae ape Phe : 
then we may write "® = =a (6) and by eliminating », from (5) with the help of (6) 
= n 2 : 
“ 2 
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we have 


for the number of “-mesons of a certain energy which, were it not for the absorption 
and decay, would reach a depth ¢ from the vertical direction. Had the “-mesons 
been produced directly in the interaction of primaries and air nuclei, their number 
would have been J(1—e~**:). The passage through the intermediate z-meson state 
results, therefore, in this number being reduced by an amount which is the greater 
the higher the momentum of the particles and the smaller the mean free path for 
nuclear capture of the z-meson. 

As stated, equation (7) has been obtained under the assumption that the density 
is uniform. For numerical applications of this equation we shall take for 9 its value 
at the middle of the region, i.e. the value at t/2, and when considering the upper 
region of the atmosphere between 0 and 300 g it will be assumed that the temperature 
is 218° K throughout. (In the part of this region above the stratosphere the tem- 
perature is certainly far from being either constant or equal in the average to 218° K, 
but owing to the low density of matter in this region this can be ignored for the 


present purpose.) Thus for any depth ¢ within 0-300 g the density to be used will 


t 


be given by 9p=16 x 10°77 x ; g/em3. 


It should be noticed that the values for n, given by (7) must be somewhat lower 
than the values which would have been obtained if the actual variation of o with ¢ 
had been taken into account. As in an atmosphere of uniform temperature the 
density changes exponentially with height, to assume that 0 in the region of depth t¢ 
has throughout the value corresponding to ¢/2 implies physically a contraction of 
the region as a whole. The probability of decay of the z-meson is therefore dimi- 
nished and so does the number of “-mesons produced. This diminution is however 
quite unimportant for regions of depth not greater than 200 g and for particles of 
10! — 10Uev energy. At any rate it is not difficult to make a rough estimation 
of it. 


With regard to the other constants in (7) the following orders of magnitude have 
been tentatively adopted: 

R, Recent measurements of the exponential absorption of meson-producing 
nucleons agree in assigning to the absorption coefficient in air a value of about 100 g/cm? 
or somewhat greater. We shall assume that the primaries are absorbed with the 
same coefficient and take accordingly R, = 100 g/cm? as a round figure. 


R, The mean free path for nuclear collision of z-mesons in different materials 
has been measured by several workers. A summary of the results obtained has 
been given by CAMERINI, FowLER, Lock and MvuIRHEAD in a recent paper [5]. It 
may be seen from this summary that there are great discrepancies. While in one 
case the experimental mean free path appears to be 14 times greater than the mean 
free path corresponding to the geometrical cross section of the nucleus, in other 
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these two paths prove to be almost identical. In most cases, however, the ratio of 
the experimental to the geometrical value appears to be about 2. We have therefore 
adopted this ratio and consequently taken about 100 g/cm? for R,. 
ae 
Ux 
For uw, we can take 286 m,. As for t, the value to be used is again uncertain owing 
to the fact that the lifetimes obtained by various workers cover the comparatively 
wide range 0-6 — 2-6 x 10-8 sec. In these circumstances it seems reasonable to use 
an intermediate value and so we have taken for 1, 1 x 10-8 sec. 


To obtain the value to be substituted for L, in (7) we have obviously to consider 
the momentum of the z-mesons from which the u-mesons we have been recording 
derive. As mentioned before, the average momentum of the particles recorded was 
about 4-5 x 10%ev/c. Assuming a total ionization loss in air of 2 x 10° ev and allow- 
ing for the momentum taken by the neutral particle originating in the z-disintegra- 
tion, it is obtained p, = 1-3 x 10! ev, whence L,= 0-27 x 10° cm. 

The number of mesons obtained from (7) as a function of depth for primaries 
of 1-3 x 10!° ev momentum is given in the following table as fractions of the primary 
intensity J. For comparison, we include the equivalent numbers produced by pri- 
maries of higher momentum. In all cases a rough allowance for the effect of having 
taken the density as uniform at each depth has been made and the losses due to 
ionization and decay of the ~-meson have been ignored. 


L The range before decay of z-mesons of momentum p is given by L, = 


Table 7 





ev/e (Momentum 


Depth 1-3 x 10'° 1p} 10}? 10°8 ire tints 
of primaries ) 


Approx number of f-mesons 


0-18 J | 0-05 J | 0-006 J 
0-32 0-0 | 0-O 
pie ae | pe i, = R, = 100 g/em? 
0-68 0-20 | 0-025 tT, = 1x 10° see. 
0-75 0-22 | 0-028 
| 0-77 0-23 | 0-029 
cinctcnciell 0:96 0-79 0:24 0-030 





As the table shows, the number of “-mesons formed at depths greater than 300 
or 400 g is in all cases almost negligible. The density changes that can be expected 
in the lower part of the atmosphere cannot therefore have by themselves an appre- 
ciable effect on the intensity at sea-level. 

The effect of temperature change in the upper region of the atmosphere can be 
obtained by differentiating equation (7) with respect to 7’. It can be seen that for 
a-mesons of momentum less than 5 x 10 ev/c, t/Lo > 10 at all depths, so that 
exp ( me — A z may be neglected. If, moreover, R, = R, = 100, then equation (7) 

2 Q 
takes the simplified form 


| R, ya. gf 30 — 
m= I (a oy oe -@ a” = (G00 Ee te —_. 
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Differentiating at constant t and bearing in mind that = —— at constant 
7 € 
depht, we have 
00L 
00 al 100 LZ ve (8) 


én, On, ., de RL 
oT (100 + Lo? T 


iT de on eee 

For the relative effect, we should obviously have to divide by the intensity at 
sea-level, 1, 

In the present case L = 0-27 x 16° cem, R,= 100 g/cm? and 7), =0:96J. With 
these constants, the calculated temperature effects of the 50-200 mb and 100-200 mb 
layers appear to be 0-024 % and 0-015 % per °C respectively, as against «55 = 0-143 % 
and «50-075 % obtained from the new measurements and «;,= 0-228 and «>= 
0-124 from the old ones. The theoretical values are therefore much too small to 
account for the experimental results. Their ratios, however, are similar: 1-6 for 
the theoretical values and 1-9 for the others. As at the same time this ratio should 
be according to (8) practically independent of both Z and R,, we might attribute 
the difference between the theoretical and the experimental values of the coeffi- 
cients to a wrong choice of the values for Z and R,. 

For R, we had taken, for the reasons given before, 100 g/em?, a value which is 
about twice as great as the mean free path corresponding to the geometrical cross- 
section of air nuclei. But if the actual value of R, is, as obtained by CAMERINI ef alii, 
the geometrical one, then the theoretical effects would appear to increase approx- 
imately by a factor of about 100/60. In the same way, instead of 1 x 10-8 sec, we 
might take for 7, the value 2-6 times greater recently obtained by CHAMBERLAIN, 
MosLey, STEINBERGER and WIEGAND [6] and then L, would be about 0-7 x 16° cm. 


With these new values for R, and L, the theoretical effects would increase up to 
about 0-08% per °C for «;, and 0-05% per °C for «5, but these values seem still 
to be too small, particularly when compared with the results from the former mea- 


surements. 

It remains to examine how the theoretical results might be affected by the 
hypothesis made in respect of the absorption of the primaries. We had assumed 
that the primary proton undergoes one collision onlv, whereupon it is entirely 
absorbed by the air nucleus, and that the mean free path before this collision occurs 
is 100 g/cm*, about double the geometrical free path. 

In this connection, HEITLER and JANossy [7] have remarked that it is more 
likely that the mean free path is the geometrical one and that the primary proton 
undergoes on the average two collisions before losing its power to produce mesons. 
In support of this view they quote some photographs of showers in lead obtained 
by RocuHEsTER and FRETTER in which two successive showers appear at a distance 
equal to the geometrical mean free path in lead. If we accept his view, then the 
above theory for meson production requires some modification. We should ob- 
viously have to take R, to be 60 g/cm?, which is approximately the geometrical 
mean free path in air, and then apply the previous equations twice: firstly, by 
reckoning ¢ from the limit of the atmosphere and, secondly, by reckoning it from 
t = 60 g/cm?. 

By doing this and by putting R, = 60 g/cm? and L = 0-7 x 10° cm the following 
values for the temperature effect of different layers in the region 0-300 g have been 
obtained. 


308 





On the positive temperature effect of the upper atmosphere 


It can be seen from this table that the ratio “2 — Ptihan saan hea 2.02 
O12 0-028 + 0-014 
is greater than the theoretical ratio obtained before, as was to be expected on account 
of the comparatively greater production of mesons in the layer 60-120 g which this 
process involves. That ratio is now in very good agreement with the experimental 
ratio. 

Another important feature shown by Table 8 is that the temperature effect of 
the 200-300 g layer should be negligible when compared with the effect of the 
upper layers, and this is also in good agreement with the Table 8 
experimental results. The actual values of «;, and %» ea 
continue, however, to be too small to account for the Layer o 
experimental values. S g % per °C 

Hitherto, meson production has been considered in et ef é % 
the vertical direction only. The previous equations can, rites aa 
however, be applied to the case of production in any 100-150 0-028 
direction at a zenith angle z other than zero by merely 150-200 0-014 
substituting ¢,, reckoned in the z direction, for ¢t, bearing 200-250 0-006 
in mind that the mean density, 7.e. the density at ¢,/2, 250-300 0-003 
is that corresponding to the vertical depth ¢=t,/2 cos z. 

It is, therefore, very easy to determine the contribution of meson production 
in different directions to the temperature effect of an air layer at a given vertical 
depth. Let us consider, for example, the layer between 100 and 200 mb and deter- 
mine the effect of this layer when the mesons are supposed to be produced in the 
direction at zenith angle z. As the values of t, corresponding to 100 and 200 mb 


100 mt 200 mt a : 
Bes ota and — a, the effect of the 100-200 mb layer will be the same as that 


COS 2 SZ 
Table 9 








200 oe inal ; 
ear e mb layer multiplied by cos z, since, as shown 
by (8), the temperature effect is roughly proportional to the 
density. 

Table 9 gives the temperature effect of the 100-200 mb layer for 
different zenith angles as a fraction of the effect in the vertical. a re 

As the table shows, the positive temperature effect decreases 40 0-50 
with increasing zenith angle. Had the aperture angles of the 50 0-30 
recorders been taken into account, the theoretical values would 60 0-12 
have been, therefore, still somewhat lower than the experimental 70 002 
values. 

On the other hand, the fact that the effect should decrease with increasing z 
allows to explain the differences 0-12—0-08% and 0-23-0-14% per °C that appear 
to be between the experimental results when the two series of measurements we have 
made are considered. We may remember that the former series was made with 
lead 25cm thick and that this was placed between the counter trays, the aperture 
angles of the recorder being 23° x 59° to the vertical. In the second series, when 
40 cm lead was used, only 10 cm were between the trays and thus the aperture angles 
enlarged to 36° x 71°. In the first series the counting rate was 7400 coincidences 
per hr and in the last 12400. Thus, after a rough allowance for the greater amount 
of absorber in the second case, we see that the increase in solid angle (and, of course, 
in the effective collecting surface of the recorder for inclined directions) resulted 
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in the counting rate being increased by about 6300 coincidences per hr, i.e. 85%. 
As this increase is particularly due to particles traversing the recorder in directions 
at zenith angles between 23° and 71°, should the temperature effect vary with z 
as the theory shows, then it would have been reasonable to expect the results from 
the two series of measurements to differ by roughly the observed amounts. 


CONCLUSIONS 


The above results show that the temperature of the upper atmosphere between 
50 and 200 mb has, in contrast with the region below, a positive effect on the inten- 
sity of the penetrating component of cosmic-rays as measured at sea-level. The 
contribution to this effect by the inner 50-100 mb layer proves to be equal to that 
of the lower layer. 

It also appears that the relative amount of this effect decreases with an increase 
in the solid angle of the recorder. 

All these features can be satisfactorily explained qualitatively by assuming 
that «-mesons at sea-level are the result of disintegration of z-mesons produced 
in the upper atmosphere by the action of the primary radiation on air nuclei. 

The observed values of the positive temperature effect coefficients seem, however, 
to be larger by a factor of 2 or 3 than can be explained by such an assumption, even 
when the lifetime of the z-meson is taken to be as long as 2-6 x 10°8 sec, as obtained 
by CHAMBERLAIN ef alii. 

As the mean free path for nuclear interaction which has been assigned to the 
a-meson is that corresponding to the geometrical cross-section and this represents 
certainly a lower limit, to account entirely for the positive temperature effect it 
would therefore be necessary for the rest lifetime of the z-meson to be of the order 
of 7 or 8X 10-8 sec. 

It may well be, however, that some part of the 7-mesons from which the “-mesons 
at sea-level may derive are not directly formed in the interaction of the primaries 
with air nuclei. The existence of heavier mesons which on disintegrating seem to 
give rise to two or three z-mesons has been reported in the last few years by different 
workers. If the nuclear interaction of these heavier mesons is strong enough and 
if their lifetimes are not too short, the contribution of these particles by themselves 
to the total temperature effect might be appreciable. The contribution of these 
heavier mesons together with that of the 7-mesons resulting from their disintegration 
might perhaps account for the high experimental values of the temperature effect. 
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Quelques résultats d’observation ionosphériques effectuées 
prés de la Terre Adélie 
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Service de Prévision Ionosphérique Militaire (France) 
(Received 1 March 1951) 
ABSTRACT 


Ionospheric observations near Adelieland show many anomalies. /’,-echoes are very often scattered, 
sometimes to such an extent that they almost disappear, and most /’, and E-echoes also show some 
signs of scattering. High values can be attained by selective E-absorption. Es-echoes are frequently 
received from several levels at the same time, and echoes, similar to that of Es, are observed from 
very high altitudes (1000 km); all these traces undoubtedly being due to ionic clouds at the E-level. 
Most of the phenomena observed may be attributed to the proximity of the magnetic pole, which is 
only 470 km away. Nevertheless, it is only rarely that the quasi-longitudinal z-branch has been observed. 


La récente expédition francaise en Terre Adélie (octobre 1949 a juin 1950) avait 
été pourvue d’un sondeur ionosphérique, construit par le 8.P.I.M [1], qui était 
installé a bord du «Commandant Charcot». L’appareil faisait réguliérement ses 
observations 3 min par heure. Plus de 1000 sondages ont été enregistrés prés de 
la Terre Adélie en janvier et février 1950. A notre connaissance ce sont les premiéres 
mesures ionosphériques faites a proximité du pdle magnetique Sud (distant de 
470 km). 

Beaucoup d’enregistrements ont fourni des échos irréguliers dont l’interprétation 
semble au premier abord difficile. Du 2 au 6 février une perturbation importante 
a été observée, caractérisée par une absorption trés élévée. Les liaisons radio- 
électriques du batiment ont été interrompues pendant 59 hrs. L’absorption due 
aux couches basses semble avoir été plus importante que la perturbation de la 
couche F, elle méme; cette perturbation australe differe en cela de la plupart des 
perturbations observées dans la zone boréale [2]. A la suite de cette perturbation 
le nombre des anomalies constatées a été de beaucoup réduit. Pour donner une 
idée des difficultés d’interprétation nous reproduisons les enregistrements d’une 
journée non perturbée. On y retrouve a peu prés tous les types d’anomalies aux- 
quelles nous nous heurtons. La premiére observation est du 3 janvier 09h TU 
(1835 temps local moyen), la derniére du 4 janvier 08h TU (1735 TLM); minuit 
local est situé entre 14 et 15h TU, midi local entre 02 et 03h TU. L’été dans 
ces hautes latitudes, la durée de la nuit est trés bréve, & peu prés deux heures 
(1325 a 1535 TU); la position du batiment était 65° 20’ S, 143° 50’ E. 

Jusqu’ a minuit (09—15h TU) nous avons des enregistrements d’échos en 
provenance de la couche F,, a peu prés semblables, a ceux que l’on observe aux 
latitudes moyennes, cependant la diffusion est plus forte *. 

* L’irrégularité du signal direct visible dans l’enregistrement auprés de 3 MHz n’a aucune influence 
sur les échos (voir par exemple 09 h TU). En raison d’une résonance de l’antenne la tension haute 
fréquence influencait directement l’enregistreur, mais seulement pendant les 100 4 sec de la durée 
du signal direct. 
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Le dédoublement magnéto-ionique est de l’ordre de 1 MHz. Généraiement on 
a recu seulement les composantes x et 0 correspondant a une propagation quasi- 
transversale. Les observations d'une composante z, due a une propagation quasi- 
longitudinale, sont assez rares. 

Apres minuit les échos venant de la couche F,, sont extrément diffus ; les reflexions 
multiples disparaissent. Pendant 6 heures aucune fréquence critique n’a pu 
étre évaluée. Vers 05h TLM (19—20h TU) la couche F; apparait, soit 4 heures 
apres le levée de soleil (1535 h TU). Mais les échos en provenance de la couche 
F, restent diffus jusqu’ a 21h TU (07h TLM). Ceci différe nettement de ce que 
l’on observe sous les latitudes moyennes, ot lionisation de la couche F, augmente 
aussitot apres le lever du soleil. 

Par la suite la couche F, apparait réguli¢rement entre 05 et 18 ou 19h TLM; 
la fréquence critique atteint 5 MHz a midi. Quelques enregistrements sont presque 
normaux, mais dans la plupart des cas, l’espace entre les traces du rayon ordinaire 
et extraordinaire est entierement couvert d’échos diffus. I se produit ainsi une 
forme typique «en coupe», voir p.e. ’enregistrement de 03 TU. Vraisemblablement 
les échos diffus sont dus au rayon extraordinaire; ils se trouvent en effet a une 
hauteur apparente plus petite que celle de la trace ordinaire. 

Considérons maintenant les échos venant du niveau de la couche E. Parfois 
seulement la couche E normale est présente (p.e. 02h TU). Mais beaucoup d’ob- 
servations montrent aussi des échos du type sporadique. Celle de 09h TU est un 
cas typique d’une couche Es assez homogéne; elle atteint une fréquence critique 
de 10 MHz et occulte les échos de la couche F jusqu’ a 5 MHz. Une telle observation 
ne differe pas de ce que l’on observe sous les latitudes moyennes et met en évidence 
existence sous les hautes latitudes Sud de la bien connue couche Es. Mais il y a 
d’autres phénomeénes, qui sont extreémement rares ou qui n’existent pas sous les 
latitudes moyennes. D’abord il existe tres souvent plusieurs couches Es (10, 13, 
14, 15, 16, 17, 18, 19 TU). Parfois l’écho inférieur n’est observé que sur les basses 
fréquences, parfois les deux échos coexistent dans une large gamme. Ce phénomeéne 
est certainement du a des nuages éléctroniques situés au niveau de Ja couche E 
dont l’altitude correspond a peu prés aux hauteurs observées. Ces nuages ne sont 
pas forcément stratifiés en direction verticale mais vraisemblablement cloisonnés en 
direction horizontale. Cette assomption est fortifiée par le fait que les échos sont 
«simples» dans la plupart de ces cas. Un autre phénoméne, assez inattendu au 
premier abord, peut s’expliquer d’une facon analogue. Ce sont les traces enregistrées 
surtout sur fréquences supérieures a 5 MHz, a hauteur constante comme les traces 
de Es, mais dont l’altitude est trés élevée (16, 18, 19, 21, 06h TU); dans certains 
cas cette altitude dépasse méme 1000 km. Les échos sont toujous «simples» et 
les traces sont souvent mélées aux échos de la couche F. Ceci s’explique facilement 
sil s’agit d’échos en provenance du niveau de la couche E, mais venant de nuages 
électroniques, qui sont assez distants de l’endroit des sondages. Il nous semble 
probable que lon doive expliquer la plupart des phénomenes discutés ici par des 
réflexions obliques. I] serait certainement difficile d’expliquer autrement l’aspect 
confus de l’enregistrement de 06h TU p.e. 

A 22h TU nous observons, dans la gamme de 5 MHz (donc bien au dessus des 
fréquences réfléchies par la couche E normale) une faible trace d’E sporadique, 
dont la hauteur augmente avec la fréquence. I] s’agit vraisemblablement d’un nuage 
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Fig. 1. Records 3./4. 1. 1950 (marks of altitude: 150 km, frequencies reproduced from 1-25 to 10 MHz). 
Sondages 3./4. IT. 1950 (marques de hauteur: 150 km, fréquence allant de 1,25 a 10 MHz). 
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électronique étendu qui présente un certain gradient horizontal de la densité 
électronique. 

Enfin nous remarquons a 22 et 23h TU une gamme d’absorption sélective pres 
de 3.5 MHz. L-observation est sans doute réelle, la puissance rayonnée étant bonne 
dans toute cette gamme (voir p.e. ’enregistrement de 09 h TU). Nous avons publié 
ailleurs une analyse plus complete de toutes les anomalies typiques observées [3]. 

Il ya huit ans l'un de nous avait l’occasion d’étudier les conditions ionosphériques 
a Tromsoe (70° N) [2]. Il n’y a aucun doute, qu’en été Pionosphére est beaucoup 
plus «classique» a Tromsoe, qu’en Terre Adélie. Mais nous ne voulous pas prétendre 
qu’il y ait une différence entre les deux hémisphaires Nord et Sud. Nous croyons 
plutot que, la aussi, le champ magnétique terrestre soit décisif parce que la position 
du «Commandant Charcot» était seulement distant de 470 km du pole magnétique 
Sud *. 
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Geomagnetic solar flare effects at Lerwick and Eskdalemuir, 
and relationship with allied ionospheric effects 
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ABSTRACT 
The geomagnetic effects of solar flares occurring at Lerwick and Eskdalemuir over the period 1936-49 
are identified and tabulated. 
The annual and daily variations of occurrence and magnitude of these effects are shown to exhibit 
interesting features, many ot which are found to be shown also by short wave radio fade-outs. 
The geomagnetic effects are compared in detail with the movements normally proceeding on quiet 
days at the same time: the H and D components point strongly to the conclusion that the geomagnetic 
flare and ‘normal quiet day” (S,) effects are produced by the same direction of ionospheric current, 
but the V components indicate that there are substantial differences between the space distribution 


of the currents in the two cases. 
The geomagnetic flare effects are found to be less sensitive than any of the other geophysical effects 
of flares which are examined, and the relative times of start, maximum, and end of flares and allied 


effects are determined. 
Some difficulties in the explanation of various features shown by the flare effects are discussed. 


1. INTRODUCTION 


The first, in order of discovery, of the geophysical ultra-violet effects of solar flares 
was a geomagnetic impulse, now often termed a “crochet.’”’ McNisH [1] made ¢ 
study of the geomagnetic effects produced at widely separated stations on three 
occasions of intense flares in 1936, and his conclusions were that no measurable 
effects are recorded at sub-solar distances greater than 70°, and that “‘the change 
in the magnetic field caused by the chromospheric eruption consisted of an augmen- 
tation of the diurnal-variation departure, obtaining at that time in each element.” 

NEWTON [2] studied the occurrence of crochets at Abinger (geomagnetic co- 
ordinates 54-0, 83-3) over the period 1936—46, in conjunction with data of solar 
flares and short wave radio fade-outs. He found a notable synchronisation of the 
three events, when all occurred, and the existence of a relationship between the 
crochet impulse and normal diurnal variation, more particularly in the case of D 
than of H. He also found indications of unexpected diurnal and seasonal variation 
of crochet occurrence. 

In this paper the occurrence of geomagnetic solar flare effects (hereafter con- 
tracted to S.F.Es) or crochets, at Lerwick and Eskdalemuir (respective geomagnetic 
co-ordinates 62-5, 88-6 and 58-5, 82-9) are studied over the period 1936—49 in relation 
to the occurrence of flares and fade-outs; and also, over much shorter periods, 
in relation to the occurrence of two further ultra-violet effects of solar flares. The 
lists of the S.F.Es. at Lerwick and Eskdalemuir were compiled independently of 
that of Newton for Abinger, and so afford interesting comparison with the latter 
list over the period common to both. 


4b JATP, Vol.1 315 





D. H. McInrosu 


Table 1. Solar Flare Effects, 





Date 


1936 
April 6 


April 8 
May 28 
June 4 


Sept 5 


Nov 26 


1937 


July 27 
sept 29 
Sept 30 


1938 
March 3] 


April 26 
April 27 
Aug 14 


1939 


April 29 


May 4 


July 11 


Sept 8 


Station 


Abinger 
List 
(1936-46 ) 


nT ; 
Range of S.P.E. | Distance 
MeCASUTEC TO | . 
g (measured from | from 
interpolated undisturbed) Suh-Solar 
| . | 
value at time of max.) | Point 


Times for element 
most disturbed 
(generally H) 


Start Max. End | H(y) D(y) V(y) 


1358 | 1405 
1358 | 1403 
| 1646 1656, —6 
1647 1656 —15 
0737 | —3 
0738 -9 
1205 —13 
1205 -—16 
Chart change; movement not discerned 
0901 0903 0905 -7 -9 0 
88 
Chart change; presence of movement confirmed 
0905 | 0917 —17 | —9 | +5 86 


0603 0610 0632 
0603 0610 0632 


1050 1100 ? 
1050 1100 1125 


1020 1029 1050 
1019 1028 | 1050 


1030 1043. 1105 
1028 1038 ) 1100 


1247 1259 | 1305 
1247 1257 | 1302 
1130 1136 1146 
1130 1136) 1146 
1147 1152 | 1205 
1147 1149 | 1159 


0741 | 0746 ¢ -19 
0741 | 0746 —20 
0956 | 1012 —43 2 ? 
Chart change: no measurement 
Seale test: effect not observed 
0929 0930 0942 — —16 46 


1138 1146 1200. - +16) + 54 
1138 1147 1155 —3é +15 +3 
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Dist A 





Other geophysical effects 


Station Class Start Max. End Co-ord. | Nature | Intensity Start Maz. End 


None .O. General 


e.g. 
Mo.Wilson 3 1647 30 . OW. ; General 


Zurich 2 0715 68. 82E. ; General 
None : General 
None ".0. General 
but no measurement possible 
None : General 0930 
None ©: Partial 0630 
Greenwich y 1050 - : : .O. General 5! : 1130 


Zurich 1020 : Be F ; .O. Partial 1100 


Greenwich : 1017 - 1130 ; : “0, General 
None Gh. General 


Cambridge 1-2 1135 258. : 0. General 


Partial 1200 


General 0940 


Greenwich 0935 . 1200 12N.11E. ".O. General 0950 1130 


Zurich 0926 _ 0929 658. 32W. 0. General 0932 0942 


e.g. 
Greenwich 1135 1143 | 1230 S: 278B. ; General 1140 1200 








D. H. McIntrosu 


Table 1. 





Range of S.F.E. Distance 
(measured from from 
interpolated undisturbed) Syb-Solar 
value at time of max.) Point 


Times for element 
Abinger most disturbed 
Date Station Tist (generally H) 
(1936-46) 


Start Max. End D(y) | V(y) (°) 


1940 
March 23 


1941 
Feb 28 f 0929 
0929 
June 4 f 1745 f 1805 
E 1745 E 1805 
June 8 Y 0903 0935 
; 0903 0920 0935 
Sept. 17 2 0822 0830 0838 
y 0825 0830 0840 
1942 
Feb 21 ? 1328 1348 
y 1330 1348 
Feb 28 ve 1200 1214 
} 1200 1214 
March 31 1e 1128 1131 
} 1127 1131 
April 13 1107 1113 
} 1108 1113 


Nov 4 1133 1138 
H 1133 1138 


1946 
March 5 1128 1133 1200 
} 1128 1132 1200 


Aug 23 ue 0931 0933 0942 
0932 0935 0943 

1947 
Jan 14 0949 0953 1000 
0950 0953 1002 


March 5 0928 0938  —10 
0928 0930 0937 -10 

April 6 1152 f 1212 -43 
vs 5 é 1210, —64 

May 6 5 1025; —14 
1023 | —16 
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Other geophysical ej fects 


Station Start Max. End Co-ord. Nature Intensity Start End 


Greenwich ; 2N. ie General 


None nO. General 0930 : 1030 


Mo.Wilson : 1745-1749) 1815 2N. : pee. Partial 1745 1800 


Meudon : OS57 0936 3N.12E. eG. General 0905 1010 


Greenwich ¢ OS38 1003, 7TN.10W. O. General 0830 0905 
8 


Meudon 4 1340 TN. 90E. “O. General 1330 1450 


Sherborne 5 1242 523 7N.4E. “0. General 1200 1530 


Zurich : 1120 =—1132 SN. 49W. 0. General 1130 1330 


Zurich ya 1107 4 LIS. 49W. *.0. General 1110 1200 


None “0. General 1134 1200 


Geneva : 1124 27 28N.10E. .O. General 1130 - 1136 


None ; General | 0935 1000 


None 0. General | 0950 = 1030 


None ‘0. Partial 0930 1000 


None 0. General 1155 — 1220 


None nO. General 1017 — 1040 
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Times for element 
Abinger most disturbed 
Station List (generally H ) 


(1936-46) 


Start 


1947 
Aug ] 


1948 
Mareh 1] 


Mareh 20 


April 20 


Dec 9 


Dec 23 


1949 


Feb ] 


Feb 1] 


March 26 


Sept 5 


Sept 13 


Sept 18 ue 0943 
0942 


Sept 19 sé 1124 
} 1124 


1400 
1400 


0742 
0742 


1030 
1029 


Max. 


1315 
1310 


0953 
0950 


1130 
1128 


1407 
1407 
O747 
O747 
1040 
1040 


1130 
1128 


1435 
1438 


1236 
1239 


1335 
1323 


1008 
1007 


1134 
1132 


1100 


Range of S.F.E. 
(measured from 
interpolated undisturbed 
value at time of max.) 


H(y) D(y) Vi(y) 


Distance 
from 
Sub-Solar 
Point 


(*) 





320) 
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Station Class 


e.g. 
Mo.Wilson 


| e.g. Mus- 
| well Hill 


e.g. 
Greenwich 


Greenwich 


Edinburgh 3+ 


Greenwich 


Edinburgh | 3-+- 


Edinburgh 3+ 


Flare 


Start Max. End Co-ord. 


1618 188. 30E. 


1300 
None 
None 
None 


1210 1213 


1240 
1101 1105 | 1130 
None 
None 
1316 
0945 0949 
None 
None 
None 


1030 1032 


28N. 50E. 


128. 63W. 


158. 69E. 


Other geophysical effects 


Nature Intensity Start Maz. 


General 


385° 
General 


1212 
1210 


1210 
1225 


525° 
General 


> 200° 
General 


(1306) 
1215 


General 1145 


General 


430° 
General 


490° 
General 


General 


General 


111% 
Partial 


63 % 
General 


30 % 
Partial 


General 


Partial 


General 


1334 
1245 


1345 
1123 


1500 


1330 


1445 
1357 
1110 
1030 


1146 
1153 


1450 
1431 
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2. SouraR Frare Errecr Lists 
The basic data for the compilation of the S.F.E. lists were the Lerwick and Esk- 
dalemuir magnetograms showing the continuous variation of the elements H, D, V 
from 1936 to 1949. Since all 8.F.Es. do not adhere strictly to the typical crochet 
form, and since there is a superficial resemblance between typical “‘sudden commen- 
cements” (S.Cs.), “bay” disturbances, and §.F.Ks., it is scarcely possible to identify 
with any degree of certainty 8.F.Es. other than the most marked without corro- 
borative evidence of a simultaneous visual or photographic flare, or of another 
geophysical flare effect. The data available to assist in the identification of 8.F.Es. 
was as follows: 
(a) Reports of visual and photographic solar flares contained in the J.A.U. 
‘Quarterly Bulletin of Solar Activity” from January 1936 to December 1948. 
(b) Reports of flares from Edinburgh and Greenwich from January to December 
1949. 
(c) Reports of short wave radio fade-outs [3] supplied by Cable and Wireless Ltd 
for the period from January 1936 to December 1949. 
(d) Reports of sudden phase anomalies in the reception of long waves [4], supplied 
by Cavendish Laboratory, Cambridge, covering the period March to October 1948 
and February to August, 1949. 
(e) Reports of sudden enhancements of atmospherics [5] recorded on 22 to 
27 ke/sec at the Royal Observatory, Edinburgh, from September to December 1949. 
The procedure adopted to identify 8.F.Es. was first to note from each 24 hours’ 
magnetic record any crochet-like movement, then to examine with particular care 
those parts of the curve where there were reports of simultaneous flares or flare 
effects. In no case over the whole period was there a very marked movement 
which was considered a probable S8.F.E. (rather than a 8.C. or bay disturbance) 
without there being corroborative evidence of a simultaneous flare. It was at 
times difficult, however, to decide whether or not some of the smaller movements 
occurring at or near times of reported flares or geophysical effects were true geo- 
magnetic 8.F.Es. The criteria used to decide in individual cases were (a) the degree 
of time variation from other reported phenomena (bearing in mind that in many 
cases neither the start nor the time of maximum intensity of a visual flare was 
reported) and (b) the presence or absence of other similar movements of the magneto- 
graph trace. It does not appear possible at present to eliminate entirely a subjective 
factor in the selection of some of the movements as S.F.Es., and for this reason 
the S.F.Es. finally chosen were divided into two lists, as was done by Newton 
for Abinger [2]. The movements included in List A are regarded as reasonably 
certain S.F.Es., while those in List B are less certainly genuine. The List A move- 
ments are generally the bigger, though they include a few cases of small movements 
recognizable on account of the otherwise quiet trace. The two lists of S.F.Es. are 
contained in Tables 1 and 2, in which are given also particulars of related flares 
and other flare effects. Details of the times and magnitude of the movements are 
given only for the more reliable List A effects. The S.F.E. totals for Lerwick and 
Eskdalemuir from 1936-49 were: 
List A List B 
Lerwick 47 35 
Eskdalemuir 49 36 
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The fade-out data comprise the only reasonably continous supporting evidence 
over the whole period, and it is noteworthy that a fade-out was reported in the 
case of every List A S8.F.E. and in all but three of the List B S.F.Es. Because 
of adverse weather and other reasons, observation of the sun’s disc is far from 
continuous even over the western daylight hemisphere, and this is reflected in 
the fact that with fewer than half of the S.F.Es. was a visual flare recorded, though 
flares synchronous with the 1949 S.F.Es. would probably be reported by stations 
other than Edinburgh or Greenwich in some additional cases. 

3. COMPARISON BETWEEN LERWICK AND ESKDALEMUIR LISTS 

Owing to chart changes and scale test, two fewer List A and one fewer List B 
S.F.Es. were identified for Lerwick than for Eskdalemuir, and detailed measure- 
ment of the range of the elements was not possible at Lerwick with one further 
effect. There appears to be almost always a larger range of S.F.E. at Eskdalemuir 
than at Lerwick. Thus it might be expected that a small effect would at times 
occur at Eskdalemuir and no corresponding effect at Lerwick. On three occasions 
of a very quiet trace there was evidence of this occurrence but none was considered 
definite enough for inclusion even as Eskdalemuir List B effects. 

In most of the statistical sections that follow, attention is confined to the figures 
for Eskdalemuir only, as being more complete than those for Lerwick. 


4. COMPARISON BETWEEN ESKDALEMUIR AND ABINGER LISTS 


In view of the relatively small distance (about 300 miles) between Eskdalemuir 
and Abinger, the differences between the Lists for the two places are probably 
largely due to a subjective factor in the detection of S.F.Es. The smaller discre- 
pancies in the case of the List A occurrences reflect the greater reliability to be 
placed on these as genuine effects. However, five of the Eskdalemuir List A effects 
appear in neither of the Abinger Lists. Examination of these five (Nos. 8, 11, 12, 
13, 20) reveals that though they are among the smaller List A effects, they are 


Table 3. Comparison between Lists A and B of Eskdalemuir and Abinger (NEWTON [2]) S.F.Es. 
for period 1936-46 





5 ‘ No. of No. of Abinger 
No. of No. of ee onding Eskdalemuir S.F.Es. with no No. of 
Eskdalemuir Abinger S.F'.Es. S.F.Es. with no corresponding Abinger 
S.F.Es. corresponding Eskdalemuir S.F.Es. 
Inst A List B Abinger S.F.E. S.F.Es. 


List A | ‘-. 0 23 
List B | | 11 | 15 32 


| 





sufficiently definite and synchronise closely enough with other flare evidence to 
warrant their classification as List A occurrences. One of these, S.F.E. No. 20 of 
List A, is of particular interest as it is the only List A effect in which 4H is positive 
(see §6). The absence of electric railway disturbance from Eskdalemuir (and 
Lerwick), as compared with Abinger, may explain the absence of some smaller 
S.F.Es. from the Abinger Lists. In quiet conditions a 8.F.E. would appear as a 
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unique impulse at Eskdalemuir and Lerwick, while a similar movement of the 
magnetograph trace at Abinger might be passed over as being little different from 
other impulses caused by artificial disturbance. 


5. VARIATION WITH TIME OF S.F.E. OCCURRENCE AND MAGNITUDE (ESKDALEMUIR) 
(a) Sunspot-cycle Variation 

Correlation coefficients between the annual sunspot number and S8.F.E. occurrence 

and magnitude, calculated from the data in Table 4, are given in Table 5. 


Table 4. Annual totals and Mean Magnitude of Eskdalemuir S.F Es. 
and corresponding Sunspot Number, 1936-49, 





List A 


Year 


40 41 é 43 44 


Total 


List B Total 


Mean 


List A 


Magnitude (y) 29 sg | : ‘ 24 


(4= 


- /AH?+ 4D*+ AV?) 
Annual Sunspot Number 


109 | 90 47 | 16 33 92 152 136 
| | 





In view of the association of solar flares with sunspots, the moderately high 
positive correlation between the annual sunspot number and occasions of 8.F.E. 
is about what might be 

Table 5. Correlation coefficients, S.F.Es. and Sunspot Number expected. 
Correlation The amplitude of the 
coefficient normal magnetic daily 
variation on quiet days 
Annual List A Occurrences + 0-65 +0-10 (S,) is known to increase 
Annual Sunspot Number zs with sunspot number. 
Annual List B Occurrences 0:59 -+0-11 If, as appears well estab- 
Annual Sunspot Number a : 
Annual Dist A and B Occurrences _ 0-77 +0:07 lished, the geomagnetic 
Annual Sunspot Number effect of a solar flare is 
Annual mean magnitude of List A 0-60 +0-13 an augmentation of the 
Annual Sunspot Number S, variation. it is of 
interest to look for a 
systematic solar-cycle variation of S.F.E. magnitude with sunspot number. The 
Eskdalemuir figures for 11 years (the years 1943-45 had no List A S.F.Es. and so 
were omitted) yield a negative correlation of 0-60 +- 0-13. This rather unexpected result 
has obviously to be regarded with caution, especially since the period of trial is 
short and the standard deviations of the individual mean annual values are large. 





Variables correlated 





(b) Annual Variation 
On the assumption that the frequency of occurrence and average magnitude of 
S.F.Es. are inversely related to the distance from the sub-solar point (or zenith 
distance of the sun), they would both be expected to be at a maximum during 
the summer months. This is not borne out by the figures in Tables 6 and 7, in 
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Table 6. Monthly totals and Mean Magnitude of Eskdalemuir S.F.Es. 1936-49 
Month 





List A Total. 
fist B Total. ...-... f ae E 
Mean List A Magnitude (y) I ee é ‘ y 5 30 





Table 7. Seasonal totals and Mean Magnitude of Eskdalemuir S.F.Es. 1936-49 





(Jan, Feb) (Mar, Apr) 


oe (May, June) 
Equinox (Sep, Oct ) 


Summer (July, Aug) 


Season a = 
s Winter (Nov, Dec) 


tse A: Votal. 2 6 sss 27 
Triste Bb Total. . 2 es ‘ 1] 
Mean List A Magnitude (3) 30* 





* Giving equal weight to all S8.F.Es. in the season. 


which the equinoctial maximum of occurrence of the more definite List A S.F.Es. 
and the high values of average magnitude in February and March are particularly 
striking. 
(c) Diurnal Variation 
All the S.F.Es. occur well within daylight hours: the List A occurrences at about 
06 and 18 G.M.T. are both in summer. Midday is the hour of greatest frequency, 
but the distribution of List A 8.F.Es. around midday is more uneven than is readily 
accounted for by chance, especially as it appears seasonally as well as for the whole 
year. The bias towards forenoon rather than afternoon occurrence of List A 8.F.Es. 
is even more marked when the variation of occurrence of the effects with local 
apparent time is considered: Values of the ratio a.m.: p.m. (local apparent time) 
S.F.E. occurrence, omitting those with maximum between 1k30 and 12.30 L.A.T., 
are: 
Winter Hquinox Summer Year 
7 1 6 "le 27/9 
The Eskdalemuir inequalities on quiet days, meaned over the period 1936-49 
are shown in Table 8 for the purposes of comparison and it can be seen that they 
do not show a similar asymmetric distribution with respect to midday. 


Table 8. Diurnal Variation of Occurrence and Mean Magnitude of Eskdalemuir S.F.Es. 1936-49 





Nearest G.M.T. hour to : ‘. 
3 mises : é ‘ 12 ‘ 5 16 
time of S.F.E. maximum 


List A Total. ri 

Prat Be Votaki- . sce es 0 | 

Mean List A Magnitude (y)) 19 

Mean variation 
(4=|AH? +A DFTA) | 18 | 
on quiet days, 1936-49 
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6. CoMPARISON OF S.F.Es. wirH NormMAL QuIetT Day VARIATION 


The S.F.E. values used in the comparison are those listed in Table 1, 7.e. the differ- 
ence between the value of each element at time of maximum effect and the simul- 
taneous interpolated value obtained by assuming that the flare effect had not 
occurred. On reasonably quiet days, the corresponding ‘‘normal” effect would best 
be represented by the difference between this latter value and the mean for that 
same day. However, in order to exclude irregular effects that might arise on rather 
disturbed S.F.E. days, the interpolated mean quiet day variation at time of maxi- 
mum effect, appropriate to the particular 
station, season and year, was used for 
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0 2 1y 6 6 
Nearest GMT. bx fo time of SFE. manimum Nearest GMT he fo time of SF E maximum 
Fig. 1. Comparison between H, D, V components’ Fig. 2. Comparison between H, D, V components 
of Lerwick 8.F.Es. and those of normal (S,) varia- of Eskdalemuir 8.¥.Es. and those of normal (Sj) 
tion. ——— Mean S.F.E. variation. variation. Mean S.F.E. variation. 
——-— Mean Sy, variation. —--~ Mean S, variation. 


the normal effect in each case. The difference between this value and the “true” 
quiet day effect for that day should not be too great. The day-to-day S, variability, 
consists, in the latitudes of Lerwick and Eskdalemuir, mainly of variations of 
range, with only minor variations of form [6] and concern in the comparison with 
S.F.Es. lies much more with form than with magnitude. Figures 1 and 2 illustrate 
the comparison between the normal and solar flare effects for each of the elements 
H, D, V. The two methods of deriving the normal effect are compared below for 
some of the quieter S.F.E. days of 1949. 

The H curves (Figures la and 2a) indicate a close relationship between 
the solar flare and normal quiet day effects. The S8.F.E. and S, signs are however, 
opposite on the two occasions at about 15 and 17 G.M.T. As is normal, the daily 
mean value was used as basis in the calculation of the S, variations. The H night 
variations are however so small compared with those of day-time that there is 
physically better reason for using the mean of the night hours as basis [7]. The 
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curve obtained by this means (not reproduced in Figures 1a and 2a in order 
to avoid confusion) is almost parallel to the S, (all-day mean) curve and algebra- 
ically smaller at each point by about 9y at both stations. It is thus, like the S.F.E. 
curve, negative at all times except 18 G.M.T. 

Figures 1b and 2b point to a close connection between the D components 
of S.F.Es. and of normal quiet day variation. At Lerwick and Eskdalemuir the 
quiet day D variations during night hours are much bigger than the corresponding 
H variations, and there is therefore less justification for assuming that the D com- 
ponent of S, variation is better calculated from the mean of the night hours than 
in the case of the H component. The S, D component curve calculated from the 
night mean would be a curve 
almost parallel to the S, D Table 9. Mean Differences between Eskdalemuir S.F.B. 
component curve shown in and S, Ionospheric Current Directions, 1936-49 


Figures 1b and 2b, with an Mean Difference between 
algebraic difference of about Dae oe of ty nem Directions of Eskdalemuir 
+ 3y at each point. It is in- wianni S.F.E. and Sq currents 
teresting to note that such a ; 

curve would fit less well with 
the S.F.E. variation curve, in 
that the discrepancy would be 
increased between the times 
of change over (at about 11 








Whole-day mean values of 22+10° 
H and D 


Night-hours mean values of 
H and D 


Night-hours mean value of H, 
and whole-day mean value 


G.M.T.) from negative to posi- of D 
tive D. Neither S, D curve fits 





with the observed negative D 

change on the occasion of the 8.F.E. at about 18 G.M.T. An explanation for this was 
unsuccessfully sought in a possible abnormal D variation on the day in question 
(4 June 1941). 

In contrast to the H and D curves, the S, and 8.F.E. V curves differ markedly 
at both stations (Figures 1 ¢ and 2c): in each case, even the signs of the average 
V changes are opposite at most hours. The agreement is no closer when the normal 
V curve is calculated from the mean of the night hours. A larger inductive effect 
would be expected with the shortlived S.F.E., and so a smaller ratio of vertical 
component (diminished by induction) to horizontal component (increased by 
induction) than in the case of the normal quiet day variation. The possibility 
that induction effects with S.F.Es. are so great that the vertical magnetic component 
resulting from the ionospheric current is normally reversed by a larger effect from 
the induced earth current is ruled out by the fact that in only four of the 49 List A 
S.F.Es. (Nos. 3, 8, 19, 48) are the relative components at Lerwick and Eskdalemuir 
such that a resultant from below ground is indicated. The differences in the S, 
and S.F.E. V curves would seem therefore to imply marked differences in the rate 
of space variation of the ionospheric currents responsible for the two effects. 

The direction of the ionospheric currents giving rise to the S.F.E. and to the 
corresponding normal variation is determined in each case by the relative signs 
and magnitudes of AD and AH. The mean differences over the List A events 
between the directions of S.F.E. current at Eskdalemuir and the corresponding 
directions of normal current (evaluated in three ways) are given in Table 9. 
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To obtain an indication of the. order of difference of current direction between 
values calculated from seasonal means and those of particular days, the current 
directions were evaluated in both ways for the four quietest days of S.F.E. at 
Eskdalemuir in 1949 (Daily sum of K-indices < 15). The figures are shown in 

Table 10 together with the 

Table 10. S.F.E. and S, Ionospheric Current Directions calculated value of 8.F.E. 

at Eskdalemuir on four selected occasions in 1949 current direction on each 
occasion. The indications 
at time of maximum S.F.E. are that the average dif- 

(whole-day means used ference between S.F.E. 

as basis) and S, current directions 
sins ? shown in Table 9 would 
portioular Bete ; be even smaller if the nor- 
S.F.E. day hes mal values appropriate 
to each particular S.F.E. 

1949 day could in all cases be 
Feb 1 22: 099° used instead of seasonal 
Sept 18 9 070° values, without the risk of 
— * onl introducing undesirable 

effects due to disturbance. 





** Normal” current direction 


Time of | Direction of 
Date Maximum S.F.E. 
S.F.E. Current 





7. GrowtTH AND Decay Times oF ESKDALEMUIR S.F.Es 


In each of the S.F.E. classes of Table 11, the average decay time is very 
nearly twice that of the average time of growth, but examination of the indi- 
vidual cases shows that the ratio 
Table 11. Mean Growth and Decay Times of growth: decay time varies between 
Eskdalemuir List A S.F.Es. 1936-49 approximately 0-1 and 2-0. The 
Times (mins) figures in Table 11 suggest a varia- 
tion of growth and decay times 
with season and with strength of 
associated flare. The total duration 
— of each S.F.E. is found to be 
13.5 correlated with the corresponding 
1144 magnitude by a factor of + 0-39, 
13+5 but to be related in no apparent 
way to the ratio growth: decay 
time. 





S.F.E. Class . . 
ae Start Maximum 


to maximum to end 


Winter 

Equinox 

Summer. 

Year aren 

S.F.Es. with associated 
Class 3 Flares . 


bo © bo bo 


Ht 
wo 


18+6 





8. VARIATION OF 8.F.E. OCCURRENCE AND MAGNITUDE WITH DISTANCE 
FROM SUB-SOLAR POINT 
In Table 12 the unbracketed figures give the number of occurrences and the bracketed 
figures the corresponding average magnitude. 

The interpretation of the figures showing the variation of frequency of occurrence 
of all S.F.Es. with distance from sub-solar point is difficult because of the variation 
of frequency of occurrence of the sub-solar distances themselves in the course of 
the year. The figures must in any case reflect the combined effects of seasonal 
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Table 12. Variation of S.F.E. Occurrence and Magnitude with Distance from Sub-Solar Point ; 
1936-49 





Distance from 


: 32-3$ 49 50-59 60-69 9 80-89 90-9! 
Sub-Solar Point (degrees) or) ae — | rn | eee 


All List A S.F.Es. 1 (14) j 26 , 6 (17) 

All List B S.F.Es. 1 j : a 
Lerwick { Equinoctial List A 

S.F.Es. at time of 

confirmed Cl.3 Flare 


All List A S.F.Es. 1 (16) | 10 (21) 13 (32) 
All List B S.F.Es. ar t)-G 
Eskdalemuir j Equinoctial List A 
S.F.Es. at time of 
confirmed C].3 Flare 





and diurnal variation of occurrence which have already been separately shown. 
The total of six List A Lerwick S.F.Es. at sub-solar distances of 80° or over is 
notable. 

The figures representing the average magnitude of all List A S8.F.Es. show that 
the strongest effects are not produced when the sun’s zenith distance is smallest. 
The figures representing the average magnitude of equinoctial S.F.Es. with an 
associated confirmed Class 3 Flare show that this remains true when the effects 
of magnitude variation with season and with size of associated flare are, as far as 
possible, removed. 

In each of the groups of sub-solar distances the average magnitude of the Esk- 
dalemuir 8.F.Es. is greater than that of Lerwick. It therefore seems unlikely that 
the almost invariably larger effects at Eskdalemuir, noted in § 3, are to be explained 
by a difference in sub-solar distance. This is supported by the facts that the 
effects produced at times when the sun’s zenith distance at the two places is almost 
the same are on most occasions decidedly larger at Eskdalemuir, (e.g. S.F.Es. 
Nos. 2, 3, 20), while on the occasions of equal magnitude of S.F.E., the difference 
between the sun’s zenith distance at the two places is relatively large (e.g. S.F.Es. 
Nos. 1, 8, 37). Also, the larger Eskdalemuir 8.F.Es. cannot be accounted for by 
larger S, ranges there: examination shows that on the average there is very little 
difference between the size of corresponding S, variations at the two stations. 


9. RELATIONSHIP BETWEEN S.F.Es. AND, FLARES 

(a) The Class 3 flares listed in Table 13 were restricted to those which occurred 
within daylight hours at Lerwick and Eskdalemuir. They include one case inferred 
from a very large long-wave phase anomaly (525°) when the associated visual flare 
was not reported: List A S8.F.E. No. 36, synchronous with this phase anomaly, 
is included among the number of effects associated with Class 3 flares. The relative 
numbers of flares reported in each season reflect the longer daylight hours and 
better average observing conditions in summer over the northern hemisphere, 
where most of the observing stations are situated. 
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Table 13. Number of Daylight Class 3 Flares seen and number and mean magnitude Eskdalemuir 
S.F.Es. 1936-49 
No. of Eskdalemuir S.F.Es Mean magnitude (y) 
of Eskdalemuir 
List A List B List A S.F.Es 





No. 
of Class 3 
Season (or 3+) 
Daylight 
Flares 





No flare 
observed 
No flare | 
observed | 
No flare 
observed 


39 | 55 

- 16 38 

23 | 22 | 23 

23 é 4 23 | 22 | 42 


o 


Winter 25 
Equinox 53 
Summer 66 
Year 144 


Or bo 


bo 
bo 





(b) In view of the relative frequencies of flares of Classes 1, 2, 3 (according to 
NEwTOoN [8] the percentages are respectively 77, 19, 4), the figures in Table 13 
show a very marked association of 8.F.Es. (List A) with the strongest flares. 
This is most notable in winter and least in summer. In some of the cases of 8.F.E. 
occurrence with flares of intensity less than Class 3, the beginning of the flare 
was not visually observed, and the flare intensity may have been underestimated. 
For instance 8.F.E. No. 40 is associated with a Class 2 Flare which was first observed 
21 min after the start of the S.F.E., whereas the size of the corresponding 
phase anomaly (430°) points almost certainly to a Class 3 flare. The association 
of S.F.Es. mainly with very strong flares is probably therefore even more marked 
than is shown by the data of Table 13. 

A random distribution was found of the position on the sun’s disc of those flares 
which had associated magnetic effects. 

(c) The negative aspect of association of S.F.Es. with the most intense flares 
is as striking as the positive aspect noted above. The proportions of 8.F.Es. (List A 
and List B) occurring in association with confirmed Class 3 or 3+ flares were: 


Winter Equinox Summer 


12 4/ 
125 53 /66 


Some of these flares may occur at times when the sun’s zenith distance is too 
great for a geomagnetic effect to appear: on other occasions a 8.F.E. may pass 
unnoticed because of too much general magnetic disturbance. Neither of these 
factors can explain more than a small proportion of the 8.F.E. non-occurrences 
since the negative aspect is most apparent in summer when the sun’s zenith distance 
during daylight hours is smallest and when magnetic conditions are generally less 
disturbed than in equinox. 

No connection was found between the position on the sun’s disc of these intense 
flares and the occurrence or non-occurrence of a S.F.E. 


10. RELATIONSHIP BETWEEN §.F.Es. AND FADE-oUTS 
For the period 1936-48, the fade-out records received from Cable and Wireless Lid 


describe the effects either as “general” or “‘partial,”’ according to whether the 
disturbance affected all or some of the circuits in the daylight path. (The term 
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“general”’ does not necessarily imply that the fade-out was complete on all circuits). 
This classification is retained in the following sections, as forming a reasonable 
guide to the intensity of the fade-out effect, and the only guide regularly available: 
it is extended also to the 1949 fade-out data, which described the detailed effect 
on each circuit in operation. 

At the two reporting stations, Brentwood (Essex) and Somerton (Somerset), 
certain circuits are open throughout the 24 hrs, while others operate on a schedule 
basis in such a way that in general, easterly circuits are manned in early, and 
westerly circuits in late, daylight hours. The data should therefore comprise a 
practically continuous record of fade-out effects over a daylight hemisphere. 


Table 14. Number of fade-owts (F.Os.) reported; and number and mean magnitude of Eskdalemuir 
S.F.Es., 1936-49 





No. associated Mean 


Eskdalemuir S.F Es. magnitude (y) 
Eskdalemuir 


List B List A S.F Es. 


List A 


| 
| 
| 


Season 


General 
Partial 
With no 
F.O. 
With general 
With partial | 
F.O 
With no 
.O. 
With general 
F.O.~ 
With partial 
With general 
With partial 


Winter 34 148 

Equinox 91 222 

Summer 87 204 

Year 212 574 ) 16 





Table 14 shows that when allowance is made for the greater frequency of partial, 
as opposed to general fade-outs, the more definite List A 8.F.Es. occur about 
14 times more frequently with the general fade-outs. The average size of the 8.F.Es. 
is also decidedly bigger with general than with partial fade-outs. The frequency 
of the List B S.F.Es. is less strikingly related to the type of fade-out. 

Fade-outs, general and partial, occur much more frequently than S.F.Es. The 
negative aspect of the association is shown by the fact that fewer than 1 in 3 general 
fade-outs had an associated Eskdalemuir 8.F.E. (List A or List B): with partial 
fade-outs the proportion of associated 8.F.Es. was about 1 in 23. 


11. CHARACTERISTICS OF FADE-OUTS 


Since the fade-out data are the only reasonably continuous evidence (other than 
the magnetic records) of solar flare effects over the period, it is of interest to examine 
the characteristics of fade-out occurrence in some detail. 

(a) Sunspot-cycle variation—There is an obvious positive relationship between 
annual sunspot number and fade-out frequency. The correlation coefficient between 
annual totals of general fade-outs and Eskdalemuir List A S.F.Es. is + 0-62. 

(b) Annual variation—April is the month of greatest frequency of fade-outs, both 
general and partial. The frequency is low in October, November, December, January, 
and the mean ratio of general: partial fade-outs for these months (1:8) contrasts 
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with a mean of about 1:2 for the remaining months of the year. It is notable that 
in both respects October shows the characteristics of the winter months and February 
of the equinoctial months, providing evidence of an important factor other than 
the sun’s declination. The frequency of occurrence is relatively high in the summer 
months. The seasonal totals are detailed in Table 14. 
(c) Diurnal variation—Table 15 shows the relative frequency of forenoon : after- 
nocn fade-out occurrence (omitting those starting between 11 30 and 12 30 G.M.T.). 
As with 8.F.Es., a consistently 
Table 15. Relative fade-out frequency, greater frequency of forenoon oc- 
forenoon: afternoon (G.M.T.) ‘ : 
currence is apparent. That this 
General fade-outs Partial fade-outs is especially true for general fade- 
ey BT alle gigi outs implies also a forenoon bias 
in intensity. 
Winter (d) Flares reported at times of 
Equinox “§ fade-outs—The tendency for asso- 
Summer 2: 2 ciation of fade-outs with very 
Year a F strong flares is more marked with 
the general fade-outs. The mean 
percentage frequencies of occurrence of Classes 1, 2, 3 Flares, with all fade-outs 
are respectively 33, 44, 23. The comparable figures for Eskdalemuir 8.F.Es. (Lists A 
and £B) derived from Table 13 are 13, 31, 56. 
(e) Fade-outs at times of strongest flares—44 general and 45 partial fade-outs were 
reported on the 144 occasions of daylight Class 3 or 3+ Flares: on the remaining 





a.m. 





Table 16. Percentage frequency of occurrence of flare classes at times of fade-outs, 1936-49 





General fade-outs Partial fade-outs 


With With With With With With 
Class I flare Class 2 flare Class 3 flare Class 1 flare Class 2 flare Class 3 flare 


Winter ‘ ; 63 32 25 
Equinox 3 f 30 38 1] 
Summer { 27 38 2 20 
Year ; 33 37 19 





55 occasions there was no report of a fade-out. Thus, with fade-outs as with 8.F.Es., 
there is a substantial negative aspect of association with even the intense flares. 
No marked relationship was found between the position of the flare on the sun’s 
disc and the occurrence or non-occurrence of a fade-out. The ratio ‘‘fade-out”’: 
“no fade-out’ at times of the intense flares is more than 3 times greater in winter 
and in equinox than in summer. Examination of the diurnal variation of this 
ratio shows that it is greatest at 12 G.M.T. (when there were no fade-out “‘failures’’) 
and decreases with increasing time difference from 12 G.M.T., indicating a close 
connection with solar zenith distance. It is notable, however, that at hours equally 
removed from 12 G.M.T. (i.e. 11 and 13, 10 and 14 G.M.T. etc.) the ratio is invariably 
bigger in the forenoon than in the afternoon—further evidence of asymmetric 
diurnal behaviour. 
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12. RELATIONSHIP BETWEEN 8.F.Es. anp SuDDEN PHASE ANOMALIES 
Records of sudden phase anomalies* (S.P.A’s.) were available from March—October, 
1948 and from February—August 1949. 

There is a marked tendency for 8.F.Es. to occur with only very large S8.P.As., 
but there is no close correlation between the size of the two effects. List B 
S.F.E. No.34, synchronous with 
a S.P.A. of size 30°. must be able 17. Occurrence of S.P.As. and association with 

: Eskdalemuir S.F'.Es., Marceh—October, 1948 
regarded as very doubtful, espe- ; a 
ihe Y : and February—August, 1949 
cially as there was no associated 
fade-out No. of associated Maus 
a : g S.P.A. Vv Eskdalemuir | yragnitude (> 
Examination was made of ‘ude | 2 Ff amie Magnitude (y) 
? magnitude S.P.As S.F.Es. od tits 
the §.P.A. records for diurnal (degrees) | oF Bs. 
asymmetry of occurrence. The List A | List B a 
period covered is too short to 
yield a dependable result but the Bes 50 
figures shown below suggest that ee 
— BBek 101-200 
there is no diurnal asymmetry 201-300 
of all phase anomaly occur- 301-400 
rences, but a possible tendency 401-500 
for large phase anomalies to ecoelbit: 
occur more frequently in the 
forenoon than in the afternoon. The mean forenoon and afternoon anomaly 
magnitudes were respectively 121° and 108°. 








Class of phase anomaly Ratio a.m.: p.m. occurrences 
All 144:149 
Size 201-—300° 16: 12 
Size > 300° 9: 4. 


13. RELATIONSHIP BETWEEN S.F.Es. anD SUDDEN ENHANCEMENTS 
or ATMOSPHERICS 

As records of sudden enhancements of atmospherics** (S.E.As.) were available only 
from 13 September 1949, the period of comparison was extended to June 1950. 
During the first six months of 1950, 3 List A S.F.Es. were identified at Lerwick 
and Eskdalemuir (12 April, 1453; 14 April, 1245; 14 April, 1334) and 1 List B 
effect (13 April, 1104). All of these were associated with fade-outs and with S.E.As. 

The association of 8.F.Es. mainly with the largest S.E.As. is much less marked 
than with the phase anomalies. Examination of all the simultaneous flares and 
S.E.As. over the period reveals however that the flare intensity and S.E.A. size 





* Waves of frequency 16 kc/sec emitted from Rugby are received at Cambridge. The sky and the 
ground wave arrive at Cambridge with a phase difference arising from the different paths taken by 
the waves. In undisturbed conditions the phase difference displays a characteristic diurnal variation 
resulting from a daytime lowering of the reflection height of the sky wave. Simultaneous with a solar 
flare there occurs a sudden phase anomaly, resulting from a sudden lowering of the reflection height 
of the sky wave. 

** The level of atmospherics on a frequency of approximately 22 to 27 ke/sec is found to increase 
simultaneously with the occurrence of a solar flare. This is because of suddenly increased reflectivity 
of the D layer, and hence the better propagation of long waves from distant sources of atmospherics. 
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are not very closely related even when the sun’s zenith distance is included as a 
factor. 

The S.E.A. records were not sufficiently continuous for any reliable inference 
concerning diurnal features to be made. 


14. COMPARISON BETWEEN GROWTH AND Decay TIMES OF FLARES 
AND THEIR ASSOCIATED EFFECTS 


Times of beginning, maximum, and end of flares and their associated effects are 
best compared on individual occasions of strong flares, under conditions where 
the precise significance of all the timings is known. A few such comparisons have 
been made [9] and [10]. The 
Table 18. Occurrence of S.E.As. and association with phenomena are here compared 
Eskdalemuir S.F.Es., September 1949—June 1950 statistically, ond the semilie aus 
No. of associated Sis open to the criticisms that they 
ae No. of Eskdalemuir magnitude (y) no doubt include some ill-defined 
pO bisesiee: —— pao iag cases, and that the criteria em- 
bad | tik) oo ployed for deciding some of the 
: timings—notably the time of end 
0— 30 2% of the visual flare—vary with 

31— 60 : different observers. 
epee The comparative times of be- 


101-150 i: 
151-200 ginning and end of flares and 





201-250 se associated phenomena are illus- 
Large 10 trated in Tables 19 to 21. Fade- 


Unspecified id outs are used as the “common 
factor,” as being more or less 
continuous over the period of comparison and of much more frequent occurrence 
than 8.F.Es. The fade-outs could not, however, be used for the comparison of 
times of maximum effect. When the fade-out is complete, a considerable return 
towards normal conditions has often to be made before the signals again become 
audible, and the time reported with fade-outs as “signals getting stronger’ is 





Table 19. Frequency Table, Times of Beginning of Flares and their Associated Effects 





Percentage frequency of occasions 


Time difference (minutes) between beginnings of phenomena 





Beginning of | Beginning of fade-out 
Phenomena fade-out earlier later 





+15 
to 
+19 


Fade-out and flare ... ¢ 3 
Fade-out and phase | 
anomaly ow. 
Fade-out and enhancement 
atmospherics 
Fade-out and 8.F.E. 
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Table 20. Frequency Table, Times of End of Flares and their Associated Effects 





Percentage frequency of occasions 


Time difference (minutes) between ends of phenomena 


End of fade-out End of fade-out 
Phenomena earlier later 





—20 - +11 +21| +31| 4+41| +51 
to to to to to | to to | to 
—49| —39| —29| —19| —5 +20| +30) +40|+50| +60 


Fade-out and flare . . j 23 | 2¢ 9 1 1 0 0 
Fade-out and phase | 
anomaly . 
Fade-out and 
enhancement | 
atmospherics . . . . | pia + Pad 8 0 


2 0 0 0 0 


0 


Fade-out and S.F.E. . | | y | 18 | 22 ) 13 





therefore usually considerably later than the time of maximum flare intensity or 
of other flare effects. 

In Table 21, as in Tables 19 and 20, a+ sign indicates fade-out (beginning or 
end) later, and a —sign indicates fade-out earlier. 

The mean growth and decay times and durations listed in Table 22 below were 
determined only over these flares and effects which had a synchronous fade-out. 
The smaller flares, phase anom- 
alies and enhancements of atmo- 
spherics—some of which may be 
doubtful—were thus excluded age 

in minutes 
from the means. The mean fade- Phenomena | - feaele geelalile-cevers) 
out duration was calculated from 
all the cases with a synchronous 
flare or other flare effect. Fade-out and flare .... +5+3 

In Figure 3 is illustrated the  Fade-out and phase anomaly 
effect of combining the data con- Fade-out and enhancement 
tained in Tables 21 and 22, the _ atmospherics mi 

. Fade-out and 8.F.E. 

curves thus representing average 

conditions over a range of flare 

intensity, which excludes the smallest flares. The positions of points denoting the 
end of the flare and allied effects are not uniquely determined by the data in 
Tables 21 and 22 and mean values are adopted where necessary. No curve is shown 
for the fade-out effect because of the indeterminancy of time of maximum. The 
main features of Figure 3 are: 

(a) The times for the phase anomalies and enhancements of atmospherics are 
almost identical, and both effects are represented in Figure 3 by one curve. They 
start simultaneously with the flare, attain their maximum 5 mins after the flare 
and end about 20 mins later than the flare. Comparison of times of beginning, 
maximum, and end in actual coincidences of flares with those effects (information 
not inherent in Tables 21 and 22) yields similar time differences, though the standard 


Table 21. Mean Time Differences between Flares and 
their Associated Effects 





Mean time differences 


Beginning End 
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deviations of the means, especially those relating to the beginning and end, are 
relatively large. BRACEWELL [9] and ELLison [10] have both drawn attention to 
a marked lag in the rate of ionospheric recovery (as evidenced by the phase anomaly 
effect) on separate occasions of intense flares, but found that the times of maxi- 
mum intensity of flare and 
of phase anomaly coincided 
fairly closely. 

(b) The 8.F.E. and radio 
fade-out start later and end 
earlier than the flare, phase 
anomaly, and atmospheric 
enhancement. This suggests 
that there are critical ionisa- 
tion densities for the appear- 
ance and disappearance of 
flare effects and that these 
densities are higher with the S.F.E. and radio fade-out than with the more 
sensitive phase anomaly and atmospherics enhancement effects. However, the con- 
ception of threshold values of the ionisation density corresponding to sensitivity 
of the effects is not supported by the relative times of beginning of the 8.F.E. 
and fade-out. All evidence points to the conclusion that the fade-out is the more 
sensitive of these two effects, yet the 
S.F.E. starts 2 (+2) mins before the 
fade-out. The difference is perhaps 
not large enough to be significant, but 
of the 49 List A Eskdalemuir 8.F.Ks. 
the associated fade-out began later on 
39 occasions and earlier on 5 occasions. 
The probable error of the S.F.E. timing 
is about 1min. The probable error of 
the timings of the fade-out effects on 
the commercial circuits is difficult to 


Table 22. Mean Growth and Decay Times und Durations 


of Flares and their Associated Effects 





Mean times (minutes) 
Phenomena — ES: 
Growth 


Decay Duration 
39 
65 
79 
80 
20 


Fade-out 

Flare 
Phase anomaly Eee 13 
Enhancement atmospherics 13 
C2. Cae er: © eee ne 7 


58 
65 
67 


13 
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ee) 
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£ 
S 
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8 
> 
S 
~ 
5S 
S 
Ss 
RS 
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min “rom beginning of Hare 





Fig. 3. 
and allied geophysical effects. Explanatory notes: 


Curves representing average solar flares 


(1) F Solar flare; M Magnetic flare effect; P Phase 
anomaly; A Atmospherics enhancement; S Short- 
(2) Subscripts J, 2, 3, denote 
respectively beginning, maximum, end. Solar 
Phase anomaly and atmospherics 


wave fade-out. 


flare; 
enhancement; 


assess, but generally the timings are 
probably less precise than for the other 
flare effects. The detailed timings for 
the fade-out effects on the individual 
circuits at the two reporting stations 


were available for the year 1949: for 
earlier years only mean times were available. Examination of the 1949 data 
indicates that the differences in the timing of the beginning of the fade-out effect 
(reported as time of “signals getting weaker’’) on the various circuits vary with the 
degree of sharpness of the fade-out, and are usually small with the more intense 
effects with which 8.F.Es. are generally associated. On five of the ten List A S.F.E. 
occasions of 1949, the fade-out was reported as beginning simultaneously on all 
circuits at both stations and on these five occasions the beginning of the 8.F.E. 
preceded that of the fade-out by an average of 3-6 mins. There seems to be real 
evidence that the 8.F.E. usually begins before the fade-out. 
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15. Conspicvous S.F.E. Non-occuRRENCES 


Any abnormality of ionospheric ionisation or diurnal wind circulation would, on the 
basis of the accepted ‘‘dynamo”’ theory of solar magnetic variations, manifest itself 
as an abnormal magnetic diurnal variation. In an effort to find a possible connection 
with the non-occurrence of 8.F.Es. at Eskdalemuir in what appeared favourable 
circumstances—7.e. on occasions of a Class 3 or 3+ Flare at times of relatively 
small distance of Eskdalemuir from the sub-solar point and in quiet magnetic 
conditions (thus eliminating any chance of the S.F.E. being masked by other 
disturbance)—an examination was made of the diurnal variation of the magnetic 
elements on some of the days of marked S.F.E. “failure.” No significant departure 
from mean seasonal values of the diurnal variation was found either for such days, 
or, on the other hand, for any of the days of the very large Eskdalemuir S.F.Es. 
It is difficult to escape the conclusion that there is in the production of the magnetic 
effect of a solar flare an important factor which is not inherent in the production 
of the normal] solar magnetic variations. 


16. GENERAL Discussion 
The more important points arising from the preceding paragraphs are: 

(a) The difference between the vertical components of S8.F.Es. and those of 
normal solar variations (§ 6). 

(b) The non-occurrence of 8.F.Es. in apparently favourable circumstances (§ 15). 

(c) The anomalous (in relation to the variation of the sun’s zenith distance) 
annual variation of S.F.E. occurrence and magnitude (§5 b). 

(d) The diurnal variation of S.F.E. occurrence (§ 5 ¢). 

(e) Some characteristics of the times of beginning, maximum and end of flares 
and allied effects, notably the relative times of beginning of 8.F.Es. and fade-outs 
(§ 14). 

The reality of all these features—particularly of (c) and (d)—can by no means 
be held to be definitely proved by the present investigation: further examination 
of S.F.Es. on a geographically wider basis and over a considerable period of time 
is obviously desirable. However, a discussion of the indicated features, tentatively 
based on their realitv, may not be altogether out of place. 

NEWTON [2] found no anomalous behaviour of the V component in his examina- 
tion of Abinger S.F.Es. from 1936-46: when present, the Abinger V component 
was invariably negative, as is the day-time V component of the normal magnetic 
variation departure there. The anomalous behaviour of the V components at 
Eskdalemuir and Lerwick is therefore all the more striking. There are numerous 
instances of S.F.Es. in which the V movement at Abinger opposes in sense that 
at Lerwick, in particular. Detailed examination of the S.F.Es. at the three stations 
shows that, especially with the larger effects, the movements correspond closely 
to such as could be produced by a concentrated line current orientated approximately 
E-W and usually situated not far south of Eskdalemuir. The concept of a con- 
centrated line current in respect of the production of S.F.Es. is untenable, and the 
proper inference appears to be that the S.F.Es. are produced by an approximately 
E-W ionospheric current flow in which there is a zone of maximum current con- 
centration situated usually a little south of Eskdalemuir. As mentioned in § 6, 
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such a current distribution is different from that assumed to produce the normal 
daily magnetic variations. 

Features (b) to (e) above have previously been suggested by NEWTON [2] in 
relation to Abinger 8.F.Es. In one respect however—namely the diurnal variation 
of fade-out occurrence—the findings of the present investigation do not agree 
with those of Newron. Sub-division of the fade-out data shows that for the years 
1936-46 the ratio of forenoon to afternoon frequency of fade-out occurrence was 
1-7 (general fade-outs), 0-9 (partial fade-outs), and 1-0 (all fade-outs)—the latter 
figure agreeing with that given by NEwTon for the same period. For the years 
1947-49 the respective ratios were 2-3, 2-0, 2:1. This sub-division of the data 
supports the existence of a real forenoon bias in intensity of fade-out occurrence, 
but renders doubtful the reality of the greater forenoon frequency of occurrence 
of all types of fade-outs that is suggested by the figures for the whole period 1936-49 
in Table 15. 

DELLINGER [3] in 1937 gave as an explanation of the non-occurrence of a radio 
fade-out on some occasions of solar flares, that some flares have ionising radiation, 
while others have none. The ionisation produced by flares is ascribed to ultra-violet 
radiation, but owing to atmospheric absorption, the spectral characteristics of 
flares in the ultra-violet regions cannot be observed, and so no direct test of DEL- 
LINGERs suggestion can be made. Later investigations of flare effects more sensitive 
than the short wave fade-out—notably that of the long wave phase anomaly, by 
3RACEWELL and STRAKER [11]—have shown, however, that sudden increases in 
ionisation below 100 km very probably accompany all daylight solar flares, and 
it seems unlikely, though not yet finally disproved, that some flares either entirely 
lack or are deficient in ionising radiation. The combined weight of evidence is to 
the effect that the intensity of ionising radiation of a flare is closely linked with 
its visual intensity, but that the ionising effect of this radiation is not controlled 
in a simple way by the sun’s zenith angle. 

Calculations made from the sudden changes of phase of reflected very long 
waves [12] have shown that the solar flares are simultaneous with a lowering of 
the reflection height of the waves, owing to suddenly increased ionisation at about 
70 km (D layer). The sudden enhancement of atmospherics on low radio frequencies 
also points to an increase in ionisation in the region between 60 and 100 km, which 
is responsible for the reflection of long waves. The heights at which the magnetic 
and fade-out effects are produced are less directly known, but since radio exploration 
of the ionosphere has shown that the # and F layers are largely unaffected by 
solar flare ionisation, these two effects have also been confidently ascribed to the 
D layer. An explanation of the anomalous annual and diurnal features of 8.F.Es. 
might be looked for in the characteristics of D layer atmospheric tidal motions 
and/or ionisation. Since similar anomalous features—especially diurnal—are shown 
by “general” fade-outs, and possibly also by the larger phase anomalies, neither 
of which effects is directly connected with atmospheric tides, it appears likely 
that the D layer ionisation processes should provide an explanation. Knowledge 
of the normal quantitative properties of the D layer is much less complete than 
for higher layers, but experiments with very long waves [12] indicate that while 
the diurnal variation of D layer ionisation is such as to show marked solar control, 
the annual variation (lower reflection height in winter than in summer) is not. 
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From the nature of occurrence of the flare magnetic effect, an explanation 
of the anomalies would be looked for in the rate of ion production (q) in the D 
layer rather than in the distribution of ionisation density (N) there. (There are, 
however, features of S.F.E. occurrence which suggest that the ionisation density 
of the D or higher layers at the time of the solar flare may possibly be an important 
factor.) On theoretical grounds, diurnal and annual asymmetry with respect to 
the sun’s altitude are more likely in N than in q, since the former involve also 
rates of effective recombination. The annual and diurnal variations of NV in the 
E layer have long been known [13] to correspond closely to those found theoretically 
by CHAPMAN [14]; but more recent investigations by SEATON [15] and by Baran 
and Mirra [16] into the variations of q in the # layer indicate that it is not, as 
assumed by CHAPMAN, a simple function of the sun’s altitude. Nor can the diurnal 
symmetry of g found in these later investigations be regarded as necessarily signifi- 
cant, for, as pointed out by SEATON [15], symmetry is implied in the method used 
to determine g. Since fundamental points concerning even the £ layer are still 
in doubt, it appears not unlikely that further elucidation of D layer ionisation 
processes will provide an explanation of the apparently anomalous features of S.F.Ks. 

APPLETON, NAISMITH and INGRAM [17] have shown the importance of geo- 
magnetic control of F, layer ionisation (a control demonstrated by BERKNER and 
SEATON [18] to be significant down to the level of the smallest magnetic character 
figures), while the existence in high latitudes of a large positive correlation between 
sporadic E£ ionisation and magnetic activity has also been established [17]. For 
these reasons a possible influence of the general level of magnetic disturbance on 
the ionospheric effects of solar flares seems worthy of consideration. The geomagnetic 
effects of flares can provide no reliable evidence regarding such an influence, since 
the readiness with which they are detected is itself dependent on the level of magnetic 
disturbance. Apart from occasions of very large magnetic storms, this objection 
does not apply to the fade-out data. RypBeck and Srrawnz [19], in an analysis 
of fade-outs occurring over a period of six months, interpreted an apparent minimum 
of fade-out occurrence with flares situated 30-60° west of the central meridian 
of the sun’s disc as evidence of increased absorption of ionising radiation by a 
corpuscular stream. (No such minimum was found, however, in the present analysis 
of fade-out and flare data—§1lle.) On this reasoning, a negative correlation 
would be expected between magnetic disturbance and frequency of fade-out occur- 
rence, other things being equal. The 1936-49 fade-out data yield the following 
mean values of international C figures on days of fade-out occurrence for winter, 
equinox, summer respectively: 0-73, 0-78, 0-70. These figures compare with the 
seasonal mean values for all days over the period (but suitably weighted to take 
account of solar cycle variations of fade-out frequency and C figure) as follows: 
0-67, 0-78, 0-67. The difference between the two sets of means is opposite in sign 
to that expected on the basis of the theory of RyDBECK and STRANzZ, but is much 
too small to be significant, and this is confirmed by the irregular result obtained 
when general and partial fade-outs are considered separately. It would appear 
that any influence of the general level of magnetic activity on the ionospheric 
effects of flares is very small. 
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The aurora of August 19, 1950, photographed in Greece 
W.N. Abporr, 
Athens 
( Received 3 February 1951) 


The photograph (Figure 1) which is an enlargement 2:1 of the original, was taken 
by myself at the observatory of the Npetsai College, Island of Spetsai (entrance of 


Fig. 1. 


the Gulf of Nauplion), Greece, on August 19, 1950, with an F:4:5 Goerz lens on 
Kodak Panchrom. XX 32° Sch. Exposure was 25 min, with equatorial drive, and 
time of mid-exposure was 2" 07" U.T. We were actually investigating the autumn 
reappearance of the zodiacal light, and it was long after the plate was developed that 
we discovered it contained the image of an aurora, a manifestation of the great 
auroral disturbance which occurred on the same night and which gave, in the polar 
regions, one of the most magnificent auroral displays on record. It is the first photo- 
graph of an aurora registered in Greece. The star field is Gemini with Uranus at 
the arrowpoint. The dotted white line is a parallel to the horizon, while the dark 
space is the haze of the horizon. The geographical latitude of the Spetsai observatory 
is 37°13’ North, and the aurora’s azimuth was, approximately, 260° (clockwise from 
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South). This is an extremely rare occurrence, indeed, and the azimuth, especially, 
confers to the photograph considerable interest. I believe we may draw the following 


general conclusions. 

This aurora which is of the Band-Drapery (BD) or Band-Ray (BR) type seems 
to lie on the extreme southern border of the zone of auroral frequency (IR1Tz [1]), 
i.e., astride of “isochasm”’ M = 0-1. It actually marks the boundary of the innermost 
@, permitted tore-like space of the Birkeland Stérmer theory. Judging from its 
appearance this aurora seems to embrace this innermost space, and if we visualise 
it threedimensionally we may conceive the streamers as materialising the magnetic 
lines of force, stretching away to the right 
“* tanta oom the forbidden equatorial tore-like 
space, and over the magnetic equator, 
which in this part of the world passes at 
a comparatively very high geographical 
latitude. The streamers appear, strangely 
enough, to dip into the Earth at a very 
unexpected point, but this is probably 
only an effect of perspective. The aurora 
being on the day-side of the Earth, is 
violently illuminated and extremely el- 
evated [2], visible, therefore, from a very 
great distance. Its height is possibly, 800 
to 1000 km, and we photographed it from 
inside the shadow. Very possibly the aurora 
crossed the shadow-line and rose to a great 
Fig. 2. height and, consequently, to visibility, 
during the exposure, impressing the plate 
just before the shutter was closed. This would account for the distinctness of the 
image notwithstanding the equatorial drive of the camera, but on the other hand it 
would imply a very great velocity of elevation, which may be difficult to accept. 
The uppermost edge is the point closer to the observer, while the lower streamers 
are the most distant. The “dipping” base of the aurora, may, in reality, be a con- 
fusion of blurred streamers stretching very far, to the North East, in the direction 

of the magnetic pole, over South Siberia (Figure 2). 


I believe this photograph to be an interesting demonstration of what happens 
in the extreme limit of the zones of auroral frequency. 
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rhe determination of the collision frequency of electrons in the ionosphere 
from observations of the reflection coefficient of the Abnormal FE Layer 
B. H. Briees 
Cavendish Laboratory, Cambridge 
(Received 14 February 1951) 

ABSTRACT 

Observations of echoes received simultaneously from the Abnormal # Layer and from the Ff Layer 
enable the reflection coefficient and transmission coefficient of the Abnormal # Layer to be measured. 
These quantities are recorded as functions of frequency. On some occasions the results are consistent 
with the assumption that the Abnormal F Layer consists of a thin horizontally stratified layer of ioniza- 
tion with a total thickness of the order of 5km. From the absorption which is found to occur for fre- 
quencies near the critical frequency, it is possible to deduce the collision frequency of electrons at a well- 


defined height in the atmosphere. Some typical results are given. 


The effects observed near the critical frequency of the Abnormal (or Sporadic) 
E Layer of the ionosphere are different from those observed for the other layers. 
There is no appreciable group retardation and there may be a range of frequencies 
for which echoes are obtained simultaneously from the Abnormal # Layer and from 
the F Layer [1]. If this range of frequencies is large, the critical frequency cannot 
be defined accurately; the echoes from the Abnormal H Layer simply get weaker 
as the frequency is increased and the highest frequency on which they are observed 


depends upon the power of the transmitter and the sensitivity of the receiver. On 
other occasions the Layer is found to possess a well-defined critical frequency, 
below which the F Layer is completely obscured, while above the critical frequency 
the reflection coefficient falls rapidly to zero. Simultaneous reflections from both 
layers are now observed for only a very small range of frequencies near the critical 


frequency. 

These characteristics of the Abnormal # Layer are well-known, and have been 
studied in the past by means of {P’, f} records. It is clear that further information 
could be obtained if the amplitudes of the echoes could be recorded as functions of 
frequency in the neighbourhood of the critical frequency. It would then be possible 
to study in greater detail the nature of the transition from one layer to the other 
as the frequency is changed. RAWER [2] has recently suggested a possible approach 
to this problem ; he measures the five frequencies for which the ratio of the amplitudes 
of the echoes from the Abnormal £ Layer and from the F Layer is 100:1, 10:1, 
1:1, 1:10 and 1:100. 

We shall here describe some observations in which the amplitudes of the two 
echoes are investigated in more detail. A continuous change of about 0-5 Mc/sec 
is made in the frequency of the transmitter, and the amplitudes are recorded as 
functions of frequency. The receiver is kept in tune with the transmitter by means 
of automatic frequency control circuits, which are so rapid in operation that the 
whole experiment can be completed in less than | sec. This time is so short that 
any changes in the ionosphere during the course of the experiment are negligible. 
In order to avoid complications due to the presence of the two magneto-ionic 
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components, a circularly polarized receiving aerial is used. Usually the ordinary 


ray is selected and recorded. 

A study of the records obtained shows that when the frequency range for which 
simultaneous echoes are obtained from the Abnormal F Layer and from the F Layer 
is large (0-25 to 1 Me/sec) the reflection coefficients of both layers always exhibit 

rapid and violent fluctu- 

ations as the frequency is 

Amplitude of echo changed, and the echoes are 

ew bigoted caf usually subject to rapid 
echo from ae . . mL: 

Abnormal E Layer fluctuations in time. This 
suggests random interference 
between a number of compo- 

4-0 #7 #2Mc/sec nents, and could beexplained 

Fig. 1. Experimental record of the amplitudes of the echoes from by the hypothesis that the 

the Abnormal "Eh Layer and from the F# Layer at 11.20 G.M.T. Abnormal E Laver consists 

on 5 July 1950. : : 7 99 . 

of “‘scattering clouds” of 

" greater ionization density 
than the surroundings. An 
explanation of the Abnormal 
E Layer along these lines 
was suggested many years 
ago [3]. In contrast to this 
type of behaviour, it is found 
that there are occasions 
when the frequency range 
Tactile: alk sillbaaiaeis asalicheus Sh anid antiiin iil of simultaneous reflections 
transmission coefficient (#2). is small (10 to 100 ke/sec) 

and when the reflection 
coefficient is independent of 
frequency except near the 
critical frequency. This is 
illustrated by the record 
shown in Figure 1, which was 
obtained at 11.20 G.M.T.. 
5 July 50. This suggests that 

| . the Abnormal £ Layer may 

45 4.0 47 ¥-2 Mc/sec sometimes consist of a coher- 
Fig. 3. Plot of the quantity (+r?) as a function of frequency. ent reflecting layer, which 














47 4.2Mc/sec 








“ec 


behaves like a “specular 

reflector” for frequencies below the critical frequency, and becomes perfectly 

transparent above the critical frequency. If such a layer is sufficiently thin, 

the partial reflection and partial transmission near the critical frequency can be 

explained. We shall now discuss the deductions which may be made from records 

of the type shown in Figure 1, assuming that the Abnormal # Layer consists, on 
such occasions, of a thin horizontally stratified layer. 

An explanation of partial reflection and partial transmission by a layer requires 

a wave treatment. This problem has been considered theoretically by a number 
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of workers, but the only treatments which include the effect of absorption appear 
to be those of RypBEcK [4] and Rawer [5]. We shall here make use of the results 
of Rawer. who gives curves showing the reflection coefficient and transmission 
coefficient of a layer of Epstein form as functions of frequency for a number of 
different thicknesses and for various values of the collision frequency of electrons (7). 
In order to compare the experimental 

results with the theoretical curves, we : ‘* 

note that the amplitude of the echo 
from the Abnormal # Layer is pro- 
portional to the reflection coefficient of 
the layer. The amplitude of the echo 
from the F Layer is proportional to the 
square of the transmission coefficient 
of the Abnormal # Layer through which 
the wave has passed twice. The abso- 
lute values of the amplitudes of the 


x 











two echoes are not directly compar-  ~%3j C05 Me/sec 
able, because the waves have travelled Fig. 4. Straight line graph obtained by plotting 
different distances. The first step, there- In(r/t) against frequency. 

fore, is to normalize the records as shown 

in Figure 2, so that the reflection coefficient (7) and the transmission coefficient (t) 
are both unity for frequencies far removed from the critical frequency. We can now 
test for the presence of absorption near the critical frequency by plotting the total 
energy (/?+-77) as a function of frequency, as shown in Figure 3. As we might 


expect, this quantity has a minimum at the critical frequency. The minimum value 


will depend upon both 
the thickness of the layer Table 1—Summary of Results 
and the value of ». sh 
& f : ee ; Collision ; ? 
Now an_ inspection Time Height Prequency Thickness* 
of the curves given by (GMT. (km) (sec") (im) 
RAWER [5] shows that 
the ratior:tdepends only — 12 May 5018.25 135 104 
on the thickness of the  !8 May 50 08.30 118 ‘55 x 108 
layer, and is independent | ae ae ny ab 
. 5 July 50 11.15 11] 9 <x 10! 
of the value of ». Further, , 
a graph ot In(r t) against * Thickness-parameter of Epstein layer. (The true thickness is 
frequency gives a straight better represented by about half this value.) 
line, the slope of which 
is proportional to the thickness of the layer. (This is known to be the case for a 
parabolic layer without absorption; Ref. [1] eq. 16.) Figure 4 shows the straight line 
obtained by plotting the results in this way from Figure 2. Thus the thickness may 
be determined at once, and the value of y can then be obtained from the value of 
((?-+-r?) at the critical frequency, again by the use of RAWERs curves. In practice 
it is not possible to read off the required results directly from the published curves, 
because only a few values of collision frequency and thickness are plotted, but it is a 
simple matter to construct auxiliary curves by interpolation, and from these the 








desired results may be obtained. 
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The results which have been obtained by this methed are shown in Table 1. 
The “thickness” given is an arbitrary parameter determining the thickness of the 
EpsTEIN layer used by Rawer in the theoretical calculations. The actual thickness 
would be better represented by taking about half this value. The values of y are 
in agreement with general estimates of the value at a height of the order of 120 km, 
though no detailed results appear to have been published. The values may be 
compared with 1-8 16%sec! for the lower height of 90 km, which is the most 
reliable value of » so far obtained from experiments on ionospheric cross-modulation 
(wave interaction) [6]. 

An advantage of the present method is that the height for each determination 
of v is very well defined, because the Abnormal EF Layer shows no group retardation, 
and therefore the measured height is equal to the true height. Also it should be 
possible to determine the value of » in Region £ by both day and night by this 
method, since an Abnormal Layer may occur at any time. 

A disadvantage of the method is that conditions which are suitable for accurate 
observations do not occur very often. In order to obtain a reasonable accuracy in 
the determination of y, it is necessary to choose occasions when the thickness of 
the layer is such as to give a minimum value of (f+ 77) of between, say, 0-2 and 
0-8. Also, it is necessary to choose for analysis records which are as free as possible 
from random fluctuations. 

A direct application of RAweERs results in the manner described here involves 
a number of approximations. In a full analysis it would be necessary to include the 
effect of the “background” of ionization due to the normal £ Layer, and the effect 
of the Earth’s magnetic field. 


A full description of the apparatus which has made these observations possible 
has been given elsewhere {7|. The work forms part of a programme of radio research 
at the Cavendish Laboratory, supported by a grant from the Department of Scientific 
and Industrial Research. 1am also indebted to the same Department for the award 


of a maintenance grant. 
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Studie zum ionosphirischen Gezeiteneffekt* 
OTtTo BURKARD 
lonospharenstation, Universitat Graz 


(Eingegangen am 19, Dezember 1950) 


ABSTRACT 

The F, layer critical frequencies at Huancayo show a luni-solar daily variation of the same kind as that 
found in the components of the Earth’s magnetic field: The semidiurnal lunar variation is pronounced 
during the day-time only, and is practically absent during the night. Because of the great variability 
of the individual night-values of ff, the phases of the M,-tide computed for night-hours must be 


regarded as accidental. 


Uber Schwankungen in der Schichthdhe und Elektronendichte, die die Lono- 
spharendaten von Huancayo (Peru) aufweisen und die auf die Gezeitenkrafte zuriick- 
zutithren sind, wurde schon mehrfach Senetach 
berichtet [1], [2!. Dennoch sei es ge- — gg2__4 27__ 24 
stattet. hier auf ein weiteres Ergebnis a | 
kurz hinzuweisen, das vielleicht geeignet 

ist. das schon vorliegende Tatsachen- 
material in einer bisher unberticksich- 

tigt gebliebenen Richtung hin zu er- 
ginzen. Schon Martyn (l/.c. Figure 10) 
hatte gezeigt, da die Amplitude ebenso | 

wie die Phase der halbtigigen lunaren ” eee ks 
Schwankung in fo Fs einen Gang nach Abb. 1. Der luni-solare Gang von Af zur Zeit aa 
Sonnenzeit aufweist. Da aber in der Neumondes. (Mittelwert 1938-1946, Aquinoktien.) 
genannten Abbildung die Amplitude 

nur durch den Quotienten 200P,/mean /,/, dargestellt wurde. erscheint der Maf- 
stab unverhaltnismaBig stark verzerrt, denn die Nachtwerte der Amplitude ergeben 
sich wegen des niachtlichen Absinkens der lonisation viel zu groB. Die Verhaltnisse 
zeigen aber gleich ein ganz anderes Bild, wenn man nur die Anderung der kritischen 
Frequenz f,F, allein betrachtet, wie dies obenstehende Abb. 1 erkennen 1iBt. 
Kine solche Darstellung ist nur méglich, wenn man zuerst den gewohnlichen solaren 
Tagesgang eliminiert. Dies wurde im vorliegenden Fall einfach dadurch erreicht, 
daB jeweils die Differenzen (Beobachtungswert minus Monatsmittelwert), also die 
Differenzen /, F,—f, F, = Af gebildet wurden, wobei das von der Carnegie Institution 
herausgegebene Beobachtungsmaterial [3] Verwendung fand. Die in der Abb. 1 
dargestellte Kurve bezieht sich nur auf die Neumondtage der Aquinoktialmonate 
(Marz, April, September und Oktober) fiir den Zeitraum von 1938 bis April 1946. 
Dementsprechend ist auch die doppelte Abszisse eingetragen, einmal die Zeit in 
Sonnenstunden (oben), einmal in mittleren Mondstunden (unten), letztere mit dem 
Beginn zur unteren Mondkulmination. Es fallt bei der Betrachtung der Abbildung 
sofort auf, daB ein deutlicher Gang — und zwar eine halbtiégige lunare Welle — nur 
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wihrend der Tagesstunden vorhanden ist, in der Nacht hingegen liegen die Werte 
verhaltnismiBig niedrig und sie weisen keinen klar erkennbaren Verlauf auf. Da 
fiir diese letzteren Werte auch fast durchwegs die mittleren Fehler sehr grof sind, 
wurden sie in die Abbildung nur punktiert eingetragen. Es hat den Anschein, als 
ob diesem Umstand bisher vielfach zu wenig Beachtung geschenkt worden sei, und 
es muB daher betont werden, daB man den durch harmonische Analyse gefundenen 
Amplituden und Phasenwerten keineswegs eine allzu groBe Bedeutung beimessen 
darf. da in allen Fallen, speziell aber in den Nachtstunden, die Streuung der Einzel- 
beohachtungen recht betrichtlich ist. Leider ist diese Streuung (bzw. der mittlere 


"1 12 1 


























ee 


5 7 e 5 
Amplitude, Phase und Fehlerkreis Abb. 3. Amplitude, Phase und Fehlerkreis fiir die 
fiir die lunare Halbtagsschwankung der 04-Werte in foF,- 
12h.Werte in /F,. 











Fehler) in zahlreichen Verdffentlichungen nicht angegeben, so da man sich kein 
Urteil tiber die Realitaét einer berechneten Amplitude oder Phase bilden kann. 
Beziiglich der halbtagigen lunaren Schwankung von /,F, in Huancayo seien daher 
hier einige Ergebnisse in den weiteren Abbildungen mitgeteilt. Bearbeitet wurden 
wieder nur die Aquinoktialmonate (III, IV. TIX, X) des Zeitraumes Miirz 1938 bis 
April 1946. Die Abb. 2 zeigt nun in der tiblichen Periodenuhrdarstellung Amplitude 
und Phase fiir die Schwankung, wenn man zu ihrer Berechnung nur die jeweils 
um 12" Ortszeit gemessenen kritischen Frequenzen benutzt, wobei sich hier natiirlich 
eine Eliminierung des solaren Ganges eriibrigt. Die einzelnen eingetragenen Kreuze 
entsprechen den Jahresmittelwerten der einzelnen Jahre, nur die 2 Monate des 
Jahres 1946 sind zu den Werten des Jahres 1945 hinzugezogen worden. Der Kreis 
fiir den mittleren Fehler (gleiche Anzahl von Punkten innerhalb wie auberhalb des 
Kreises) ist hier noch nicht allzu groB, die Phase kann daher zu etwa 330° + 20° 
bestimmt werden, wenn man die iibliche Darstellung 
Of = 0,479 (MHz): sin(2 7 +- 330°) 
beniitzt. Die nachste Abbildung bezieht sich in gleicher Weise auf die Mitter- 


nachtswerte. Der Radius des Fehlerkreises ist hier bereits weitaus gr6Ber als die 
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Amplitude, der errechneten Phase kommt also praktisch keinerlei Realitit zu. 
Solche oder ganz iihnliche Verhiltnisse findet man fiir fast alle Beobachtungen 
wiihrend der Nachtstunden, so dab fiir diese Zeit wegen der groBen Streuung weder 
die Amplitude noch die Phase einwandfrei bestimmbar ist. 

Die Abb. 4 schlieBlich zeigt die Verhiltnisse fiir 5 Uhr morgens. Es war diese 
die einzige Stunde zwischen 21 Uhr abends und 8 Ubr morgens, in der die Amplitude 
gréBer war als der Radius des Fehlerkreises. Das 12 
erstaunliche dabei ist der Umstand. daB gerade 
in diesem Falle die Phasenverschiebung gegen- 
iiber dem Phasenwinkel am Tag fast genau 180° 
betriigt. 

Tagsiiber ist, wie schon MARTYN (l.c.) fand, 
sowohl die Amplitude als auch die Phase relativ 
konstant. Dieser Befund wird durch die Berech- 
nungen von GAUTIER und McNIsuH [4] bestatigt, 
die ebenfalls das Beobachtungsmaterial von Huan- 
cayo fir Mittag und fiir 16 Uhr bearbeiteten. 
Da bei ihnen die Zahlenangaben auf die mond- 
monatliche Schwankung bezogen sind, seien hier 
die umgerechneten Phasenwinkel — die sich mit 
einer einzigen Ausnahme innerhalb der Fehler- 
erenzen halten — angefiihrt. 

_ Ob sich nun aber der Phasenwinkel in der filiiact: abaaillti: Wieland 
Nacht tatsdchlich allmablich andert, wie es MAR- _ Fehlerkreis fiir die 5>-Werte in f, oe 
TYN annimmt oder ob nicht vielleicht die Phase 
in der Nacht sprunghaft auf einen um 180° verschobenen Wert iibergeht, wie es durch 
die vorliegende Untersuchung nahegelegt wird, kann erst dann entschieden werden, 
wenn ein weitaus gréReres Beobachtungsmaterial vorliegt. Da die Radien der 
Fehlerkreise im allgemeinen nur mit der Quadratwurzel aus der Anzahl der Einzel- 
werte kleiner werden, wird man sich hier also noch einige Jahrzehnte gedulden 




















mussen. 
Tabelle 1 





De eer Aquinoktien hase Mittel 
solstitium solstitium 


Grad Grad Grad Grad 


12h 74 340 330 
16h 31 331 341 339 +19 





CHAPMAN stellte bekanntlich [5] fiir einen luni-solaren Gang, wie er aus der 
Abb. 1 hervorgeht, das ., Phasengesetz* auf, demzufolge auf diesen speziellen 
‘all hier angewendet — gelten miibte: 


Af=>dc,:sin(ot+ ¢,+(o—2)r) o=1,2,3.... 


Hierin bedeutet t die im Winkelmaf ausgedriickte Mondzeit, mit t=: 0 zur unteren 


Kulmination; ¢, ist die Phasenverschiebung, bezogen auf die untere Mondkulmi- 
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nation zum Zeitpunkt des Neumondes und schlieBlich ist » ein Winkel, der sich auf 
die jeweilige Mondphase bezieht und der von Neumond zu Neumond von Null auf 
2a anwiichst. Zu welcher beliebigen Mondphase also Af bestimmt wird, immer sind 
c, und ¢, konstant, wenn das Gesetz erfiillt ist. 
Die fiir die vier Hauptmondzeiten (Neumond, 
erstes Viertel, Vollmond und letztes Viertel) durch- 
gefiihrten Rechnungen bestitigen die Richtig- 
keit dieses Phasengesetzes auch fiir den vor- 
liegenden Fall, so daB man Af demnach darstellen 


kann durch: 


0 J 6 9 (Aare [RO ae LE 





(Af)y, = 8°316 sin(t + 172-9) 4 


] 


1 ce” YL 204 sin (27 + 311) -+ 0-120 sin (37-4 121 4+ 9) 
Verve a 

+. 0-056 sin (47 — 12 4+- 29). 
Wahrend aber fiir die erdmagnetischen Elemente 
fast ausschlieBlich c,>¢,>c¢; gefunden wird, ist 
hier das GréBenverhaltnis der Amplituden der 
einzelnen Harmonischen ein anderes, angenihert 
gilt c,¢,--¢,. oder etwas allgemeiner gefabt, 
(1 > Cy > C3. Der idealisierte, naimlich nach obigem 
Ansatz berechnete luni-solare Gang der Differenz 
Af ist fiir 8 aufeinanderfolgende Mondphasen 
in Abb. 5 dargestellt. Ebenso ist der Mittel- 
wert aus diesen Kurven im untersten Teil der 
Abbildung als doppelte mondentigige Sinus- 
schwingung entsprechend kleinerer Amplitude zu 


Lefzfes} 
Yierfte/ 


ersehen. 





Zusammenfassung 





Die kritischen Frequenzen der F,-Schicht besitzen 
in Huancayo einen luni-solaren Tagesgang von 
gleicher Art, wie man ihn bei den Komponenten 
ee des Erdmagnetfeldes findet: Nur wiihrend der 
sine: fot): Miah Gher alle Tagesstunden ist die doppelte mondentigige 
Schwankung deutlich ausgepriigt, sie fehlt hin- 

gegen praktisch in der Nacht. Wegen der groBen 
Streuung. die die Einzelbeobachtungen in den Nachtstunden aufweisen, miissen 
die hierfiir ermittelten Phasen der M,-Tide nur als Zufallswerte angesehen werden. 














Mondphasen (unten). 
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of the ionosphere 
J. W. Frxpiay 
The Cavendish Laboratory, Cambridge 
(Received 2 April 1951) 
ABSTRACT 
Equipment is described which has been used to measure the changes of phase path of radio waves of 
frequency 2-4 Me/sec returned from Region E of the ionosphere. It is shown that the daily variation 
of phase path cannot be explained quantitatively on the assumption that Region EF behaves as a simple 
CHAPMAN region, although there is qualitative agreement with the theory. The seasonal changes of noon 
values of the group path are studied and found to disagree with those predicted for a CHAPMAN region. 
Some evidence for the existence of a solar tide in the height of Region EF is given. 


1. INTRODUCTION 
Measurements of the heights of ionised regions of the ionosphere are usually made by 
measuring the time of travel of a pulse of radio-frequency from a sender on the ground 
to the ionosphere and back to a receiver close to the sender. These experiments 


measure the group path, P’, which is defined by 


Pae f= (1) 


Re 
path 

where U is the group velocity of the pulse over the interval of path ds, and ¢ is 
the velocity of light in a vacuum. 

The phase or optical path of a wave returned from the ionosphere can be defined 
in a similar manner by: 

= [ ds 
Pe 
path 

where P is the phase path and V is the phase velocity of the wave over the interval ds. 

This paper describes equipment which has been used to measure P’ and changes 
of P for waves of about 2 Mc/sec in frequency returned from Region F of the iono- 
sphere. Paragraph 2 is a summary of earlier methods for measuring changes of P 
and in it is explained the principle of the present method. Paragraph 3 describes the 
equipment, and paragraph 4 is a discussion of the accuracy of the results obtained 
with this equipment. The results of measurements of changes of P throughout the 
day, and of P’ throughout the year, taken over a period of three years, are given in 
paragraph 5, and these results are discussed on the assumption that Region # is 
a simple “CHAPMAN” region in paragraph 6. It is shown in paragraph 7 that there 
are considerable difficulties in describing the results on such an assumption. 
2. METHODS OF MEASURING CHANGES OF P 


APPLETON [1], [2] has discussed many of the methods of measuring the heights of 
ionised regions, and has shown that these methods all yield a measure of P’. No 
method has yet been devised for measuring the actual value of P for waves returned 
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from the ionosphere. Several methods are, however, available for measuring the 
changes in P which occur with time. These methods all involve a comparison of the 
phase of the radio-frequency in the wave returned from the ionosphere with the 
phase of the wave received directly from the sender. Considerable use has been made 
of such measurements on very long wavelengths (BEsT, RATCLIFFE and WILKES [3]) 
but there have been only few applications of the method on the shorter wavelengths. 
HAFSTEAD and TUVE [4] have described a method which compared the phase of the 
signal in the pulse returned from the ionosphere with the phase of the oscillator 
driving the sender. These phases were compared by letting some of the signal from 
the crystal oscillator driving the sender leak into the input circuit of the receiver. 
so that the signal in the echo combined with the oscillator signal. As P altered with 
time, the resultant signal faded, and one complete fade indicated that P had altered 
by one wavelength of the emitted radiation. The method could not distinguish 
between increases and decreases of P. 

APPLETON [2] described a modification of the frequency-change method which 
measured the rate of change of P with time. and this method could determine whe- 
ther P was increasing or decreasing. It was used by Martyn and PULLEY [5] in 
their study of the bodily movements of Region F during the early morning. 

A method which is similar to the present one was outlined by Rawnzt [6]. He 
used a pulse sender and allowed his receiver to oscillate gently on a frequency slightly 
different from the frequency of the sender. This oscillation in the receiver was co- 
herent in phase with the signal from the sender, and it was possible to follow changes 
in P by observing the movements of the pattern on the oscilloscope screen caused 
by the echo and the oscillation beating together in the receiver. 

The equipment used in the present experiments is basically a conventional pulse 
sender, a receiver and a display system. A local oscillator near the receiver gives an 
oscillation of smal] amplitude at a frequency near to that of the sender, and the 
output of this oscillator is injected into the first stage of the receiver. The phase 
of the radio-frequency from this oscillator is arranged to be coherent with the phase 
of the radio-frequency in the radiated pulse. The echo and the signal from this 
oscillator beat together in the detector stage of the receiver and so give a short 
sinusoidal trace on the screen of an oscilloscope when the output of the receiver is 
displayed as a deflection of a linear timebase. The movements of this sinusoidal 
trace show the changes of the phase path of the echo. 

The theory of this method, by which pulses of radio-frequency can be used to 
measure changes of P, depends on the assumption that a measurement of the phase 
of the waves within the pulse provides a measure of the changes of the phase path of 
the wave. This assumption has been examined by Breit [7] who shows that, sub- 
ject to conditions which are satisfied in the present work, the errors introduced into 
determinations of the changes of P will not exceed a small fraction of a wavelength. 
It is therefore sufficiently accurate to treat the pulse as a short train of waves of a 
single frequency. 

Let the sender emit a wave of angular frequency p during the pulse, and suppose 
this wave travels over the phase path P to the ionosphere and back to a receiver 
placed near the sender. The signal which enters the receiver can be written: 
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R= Rf, cos p|t : ” 3) 
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Let a local oscillator of angular frequency (p—e) be started at the same time as the 
radiated pulse, so that the radio-frequencies in the pulse and in this oscillator are 
coherent in phase. This oscillator then injects into the receiver a signal: 


L=L, cos (p—e)-t. (4) 


This signal only differs in frequency from the signal returned from the iono- 
sphere by a small amount, so that both signals are passed through the receiver to the 
detector stage. Here, because of the non- 
linear nature of the detector, a rectified 
output is produced which contains a term 
of the form: 


A=kR, L, cos [e t—? | (5) 





c / 
where k is a constant. —\- 


This expression shows that the output 
from the receiver during the pulse consists 
of a signal whose amplitude varies with 
time, and which, if displayed on a linear 
timebase would appear, as is shown in Fig- oe 
ure 1, as a cosine function of position along Miia: 4%. Chon: San Scum. Si geillibaaiiilies Toei 
the timebase. If P remains constant, the which changes of phase path are determined. 
phase of this signal remains constant, but 





Signal amplitude 


if P changes by A P the phase of the signal changes by ” = 
é c 


. Thus observations of 


the phase of this signal can determine A P. The phase can be conveniently followed 
by watching one of the maxima of the signal as it moves along the timebase. When 
it has moved a distance equal to NV times the distance between successive maxima, 
the phase of the signal has altered by 2Na. The 4P which corresponds to this 
movement is therefore given by: 


AP=*.2Nnx (6) 
P 


or, if A, the wavelength of the radiated frequency in free space be introduced in place 
of 77° we have: 
P AP'= N i. (7) 
Equation (7) is the basic equation for the method, for it shows that a change of P 
of amount equal to one free-space wavelength of the radiated wave will cause a 
movement of the trace on the timebase by an amount equal to the separation between 
the successive maxima of the trace. With the frequency of the local oscillator less 
than that of the sender, and with the timebase sweeping from left to right, an increase 
of P causes a maximum of the trace to move to the right, and a decrease of P causes 
a maximum to move to the left. The total change of P which has occurred in a given 
time may be found by observing the movements of the trace during this time. 


3. THE EXPERIMENTAL ARRANGEMENT 
It will be clear from the last paragraph that the equipment required for measuring 4 P 
consists of a normal pulse sender and receiver, with associated display equipment. 
The only additional need is for a local oscillator which should start its oscillations 
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always in the same phase relation to the radio-frequency in the radiated pulse. Some 
suitable method is also needed to record the movements of the trace which is showing 
the changes in P. Since these requirements represent relatively small additions to 
a normal equipment, the apparatus was designed to fulfil the dual purpose of giving 
a continuous record of both AP and P’. 

The arrangement of the equipment is shown in the form of a block diagram in 
Figure 2. The sender emits 50 pulses per second, and these are received after they 
have travelled directly to the receiver and later when they return from the iono- 
sphere. The phase oscillator, which supplies the reference signal by which AP is 
determined, is caused 
to oscillate for a 
few milliseconds after 
every alternate pulse 
from the sender. Dur- 
Sender Phase Oscillato Attenuator Receiver ing the time of opera- 
tion of this oscillator, 
the echoes return from 
the ionosphere, so that 
AP can be found from 
observations of the 
output of the receiver 
Trigger Unit after alternate radi- 
ated pulses. These are 
displayed on the AP 
tube, the linear time- 
base of which is only 
triggered with alter- 
nate pulses from the 
sender, so that only 

Fig. 2. Block diagram of the equipment. the AP trace appears 

. on that tube. The 

signals from the receiver when the phase oscillator is not operating are shown on 

the P’ tube, the timebase of which is triggered alternately with that of the AP 

tube. Thus, on one tube of the equipment appears a normal trace while on the 
other tube appears the AP trace. 

The sender uses a “Hartley” self-oscillating circuit, and provides pulses of about 
one kilowatt peak power into the aerial, which is a half-wave dipole about 30 feet 
above the ground. A frequency of 2-4 Mc/sec was used throughout the experiments. 

The measurement of AP requires that there should be a constant phase relation- 
ship between the radio-frequency at the start of the radiated pulse and that of the 
phase oscillator. The sender is started with a pulse which has a very rapid rise, and 
the phase oscillator is started simultaneously with a similar sharply rising waveform. 
This assists in ensuring that the two oscillations always start with the same phase 
relation, but it is found that the stability of this phase relation is much improved if 
there is slight coupling between the radio-frequency circuits of the sender and the 
phase oscillator. This slight coupling is provided between the output circuit of the 
phase oscillator and the aerial circuit of the sender. 
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The phase oscillator uses a Franklin circuit and is operated from stabilised power 
supplies. The oscillator is in a well screened box in the same rack as the receiver, 
and the output from the oscillator is fed through a simple step attenuator into a 
small resistance in the first tuned circuit of the receiver. The magnitude of the signal 
injected into the receiver is adjusted by the attenuator to be about the same as that 
of the echoes returned from the 
ionosphere. 

The receiver is of conven- 
tional design for ionosphere 
work, with a bandwidth deter- 
mined by the intermediate Beating of 
frequency stages of +10 ke/sec ground pulse downcoming wave 
to the “‘half-power point.” It Fig. 3. AP trace as it is photographed. 
is necessary for the success of 
the measurements of AP that the phase changes suffered by the signals in the 
pulse and in the continuous oscillation as they pass through the receiver to the 
detector stage should remain constant. That this requirement is met by the present 
receiver has been shown by varying the tuning of the various circuits in the receiver 
and watching for movements of the phase trace. 

The rest of the units which are shown in Figure 2 are quite conventional in their 
design. The two tubes shown in that diagram are those used as monitors for the 
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Fig. 4. AP record on October 2nd 1948. 
equipment, and there are two separate tubes, in a light-proof box, on which the traces 
which are to be photographed appear. The P’ trace is photographed through a 
horizontal slit on to 10 em wide paper moving at about 10cm per hour. Timing 
marks, which also serve to calibrate the speed of the timebase, are switched on to 
the trace every 30 min by a standard clock. Before the AP trace is photographed 
it is modified from the form shown in Figure 1 by passing the output of the receiver 
through a circuit which has a high gain and a short time-constant. The positive 
going parts of the resultant waveform are removed, so that the output appears on 
the timebase in the form shown in Figure 3. This trace is then photographed through 
a slit on to 35 mm film moving vertically at a speed of about 1 em per min. As the 
trace moves to the right or left the parts of the timebase which appear in the slit 
draw lines on the film which slope in one direction or the other. An increase of P 
of one wavelength appears as one more dark line on the left-hand (lower) side of the 
echo. A typical section of the AP record is shown in Figure 4 in which the increases 
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and decreases of P can be clearly seen. The film on which AP is being recorded is 
driven at a constant speed, and timing marks are switched on to the tube for 30 sec 
every 30 min. To find the total change of P over a considerable time, the net change 
in wavelengths is counted from the film and converted to kilometres by multiplying 
the change by the wavelength of the sender. 

The adjustment and operation of the equipment present few difficulties. The 
frequency of the phase oscillator is usually arranged so that a convenient number, 
between 2 and 4, oscillations appear in the echo on the AP trace. This condition 
is satisfied for a radiated pulse of 200 microseconds’ duration when the difference bet- 
ween the frequencies of the sender and the phase oscillator lies somewhere between 
10 ke/sec and 20 ke/sec. The only conditions which limit the choice of the difference 
in frequency are that a readable trace should be obtained on the AP film, and that 
both the radiated frequency and the signal from the phase oscillator should be able 
to pass through the receiver. 


4. THE SENSITIVITY AND ACCURACY OF THE EQUIPMENT 
The method by which P’ is measured is subject to all the usual errors which arise 
in ionosphere work. Although considerable care has been taken to ensure that all 
the trigger and modulation pulses start rapidly, and that the timebases used are 
carefully calibrated and linear enough for interpolation to cause no serious errors, 


the equipment cannot measure P’ to an accuracy better than +-2 km. 


Since the determination of AP is sensitive to changes which are equal to about 
one wavelength of the radiated frequency, these measurements should be accurate 


to a few hundred metres. Whether this accuracy is attained depends on whether the 
assumptions made in the theory of the method are satisfied. These assumptions are 
that the frequencies of the sender and the phase oscillator remain constant, and that 
there is a constant phase relation between the radio-frequency emitted by the sender 
and that supplied from the phase oscillator. 


There are three pieces of evidence that this phase relationship remains constant 
within narrow limits. First, if the radio-frequency coupling between the phase oscil- 
lator and the sender be removed, the phase trace of an echo is still seen to vary ina 
regular manner, except that it shows slight instability over very short periods of 
time. Under these conditions the locking of the phase of the sender and the oscillator 
is achieved only because they are both started by sharp fronted waveforms, and the 
instability in the phase locking is due to the difficulty of getting these waveforms 
to rise in times less than about one microsecond. The second. piece of evidence is 
obtained by observing the record at the end of the ground pulse. In this part of the 
record the signal from the phase oscillator beats with the end of the radiated pulse 
which has travelled over the ground to the receiver, and gives a short oscillation 
visible on the timebase. It is found that the phase of this oscillation remains con- 
stant, which shows that the phase relation between the phase oscillator and the ra- 
diated wave also remains constant. The third check that this phase relation is 
constant can be obtained when Region £ is behaving as a smooth reflecting region. 
The changes of P are observed for the echoes returned after one and two reflections 
at the region, and, if the echoes are good and clean, it is always found that the AP 
for the twice reflected wave is twice that for the once reflected wave. If there were 
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any variation of the phase relation between the radiated wave and the signal from the 
phase oscillator, this relation could not be satisfied. 

In order to determine the errors which would arise if the frequencies of either 
the sender or the phase oscillator varied with time, it is necessary to return to the 
theory of the method of measuring AP. We first re-write equation (5) in terms of f,, 
the frequency of the sender, and /,, the frequency of the phase oscillator, so that the 
rectified output from the receiver is represented by: 


=e a D 18° 
A=kR,L, cos 2 {(f,—f,)-t— oe (8) 
The measurements of 4P that we make are obtained by observing the movements 
of the trace which results from displaying this output on a linear timebase. To study 
the errors which can arise in these measurements, we now find how the time of 
occurrence of a maximum of this signal varies as the sender frequency or the local 
oscillator frequency changes. The time of occurrence, ty,,,, of a maximum of this 
signal is given by: re 
* 
G,—Ja) ‘tmax = . (9) 
c 
To see how the observed value of P would change if f, of f, changed, it is only neces- 
sary to study the changes of tyax. 


dtnax and “max from equation (9) in the form: 


This is done by evaluating - dj dj 
s 0 


max 
€ ie) . 


dtmax es ‘ 
d fs f : 
dtyax _ tmax 1] 
dfo fs a fo : ( ) 
In performing these differentiations, it should be observed that P is a function 
of f,, the sender frequency, but is not a function of f,. 
Equation (10) shows the effect on t,,,, of a change in the frequency of the sender. 
By using the well-known relation between P and P’ 


dP 
dfs 


(10) 


P'=P+f, 


equation (10) can be written: 
Ee 
ee tmax 


dtmax _ ¢ (12) 


d fs = fs “ey fo ; 

In this equation, f,,,x is the time measured from the start of the sender pulse to 
the maximum of the phase trace which is under observation, while P’/c is the time 
from the start of the sender pulse to the start of the echo. These two times are 
approximately equal, and so equation (12) shows that ¢,,,, is approximately in- 
dependent of any change in the frequency of the sender, or that our measurments of 
AP are only slightly affected by changes in the frequency of the sender. 

This is a useful property of the method, since it means that the stability of a 
simple self-oscillating sender is adequate for the experiments. Measurements of the 
frequency of the sender have shown that it has remained constant from day to day 
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to an accuracy of about one in 10%. Changes of frequency of this order only introduce 
errors into the values of 4P of a fraction of a wavelength of the radiated frequency. 
The effect of a change in the frequency of the phase oscillator can be seen from 
equation (11). This shows that errors in 4P will be greater when fax is large, that 
is when the echoes are returned from a greater height. The change in frequency df, 
necessary to produce a change of one wavelength in P is easily shown to be: 


c/sec. (13) 
max 

Thus, for observations of Region £, for which f¢,,,, is about 700 usec the phase 
oscillator must vary by about 1-5 kc/sec to make AP change by one wavelength. It 
is thus more important that the phase oscillator should maintain a constant fre- 
quency than that the radiated frequency should be constant. A careful study of the 
frequency of the phase oscillator has shown that it is constant to about one part 
in five thousand. For example, the standard deviation of the values of the frequency 
observed over the period between 1 May and 3 October 1949 was o = +. 0-40 ke/sec, 
while the frequency was about 2:4 Mc/sec. This means that the errors in AP due 
to the changes of the frequency of the phase oscillator will not be greater than a 
quarter of a wavelength for observations of Region # which extend over some hours. 
In addition to the instrumental errors in the determination of AP, the errors due 
to the essential indeterminacy of the phase path must be mentioned. There are 
many occasions when Region E behaves like a rough irregular reflector. Under 
these conditions, the phase of the downcoming waves changes rapidly and discontinu- 
ously. It is impossible then to count the total number of wavelengths by which P 
has changed, since the discontinuities in the trace introduce ambiguities in the count. 
Even under good conditions there is often about one discontinuous change of phase 
in five minutes, and thus it is possible for AP to be uncertain by as much as six 
wavelengths in the course of an hour’s observation. This irregular behaviour of 

Region F£ is discussed further in the next paragraph. 


5. THe Datty VARIATION OF AP AND THE ANNUAL VARIATION OF 1” 
The apparatus has been operated on 280 days between May 1946 and October 1949, 
with the intention of securing records of AP for Region # throughout the day. In 
all this time there have been only three days when it has been possible to follow AP 
continuously from morning till evening. On the other occasions continuous results 
were interrupted by the irregular fluctuations in the phase of the echoes from 
Region £. A study of these fluctuations suggests that they arise from irregularities 
in the ionisation density in the horizontal plane in the Region. Several other wor- 
kers (RATCLIFFE and PawseEy [8], RatcuirFre [9], Mirra [10], Booker, RATCLIFFE 
and SHINN [11]) have interpreted the fluctuations of amplitude of a single echo 
returned from Region E as being caused by irregularities of this kind in the ionisation 
in that region. These fluctuations of the amplitude of the signal are accompanied 
by fluctuations of the phase of the signal, and it has been found that these sometimes 
occur so rapidly and in such an incoherent manner that it is impossible to determine 
AP over any reasonable length of time. A record of the phase of an echo from Region 
FE under these conditions is reproduced in Figure 5. It was only during times when 
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Region # was not showing this irregular behaviour that the records which are to be 
discussed in this paper were obtained. 

On the days when the echo has not shown much irregularity so that a record of 
AP has been obtained for a considerable part of the day, it has been found that AP 
varies smoothly and regularly. The variation of 4P ina day during which there was 


Big, 7 — = a 
SS 


—- == 


Fig. 5. AP record on August 19th 1948. 


little irregularity is shown in Figure 6. This shows that 4P decreased during the 
morning and increased during the afternoon, although the curve is not quite sym- 
metrical about noon. 

Although there have been only three days when such a complete curve of 4P 
was observed, during the observations there have been 112 days when AP has been 
observed to vary steadily over a sufficiently long time for a relation between AP 
and the time of day to be established. 

The results for these days are simi- km 
lar in form to the curve shown in 

Figure 6 though the observations 

could not be plotted for the whole 

of the day. 

The shape of the curve of AP 

against time of day suggests that the 

variations of AP are closely related 
to the zenith angle of thesun. Before | ___, : 
analysing the results on this basis, %” aad — 2 sad _ i 
the effects of a lunar tide and of Fig. 6. AP for Region E observed on 2-4 Mc/see during 
occasional radio fadeouts have been August 10th 1949. 
removed from the curves. 

The existence of a lunar tide in the group height of Region Z was demonstrated 
by AppLeTON and WEEKES [12]. These workers showed that the group height h’ 
varied with the lunar hour angle ¢’ in a manner given by: 


h'= 0-93 sin (2¢’+ 112°) km. (14) 








Since this result is well established, the present observations have all been corrected 
by amounts given by (14) to remove the effects of the tide from the observations. 
As an example of this correction, Figure 7 shows the results of Figure 6 after the 


correction has been applied. 
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The effects of radio fadeouts have been described by Frxpiay [13], who showed 
that there is a sudden decrease both in the amplitude of the echo and in the value of 
P at the start of the fadeout. Effects of this kind are easily recognised, and they 
have been eliminated from all the curves used in the present paper by drawing in 
a smooth and steady variation of 
P over the duration of the fadeout. 

Although the results of the 
phase observations provide an 
accurate measure of the daily 
change of AP, they cannot be used 
to study the seasonal change. Both 
because Region £ is not sufficiently 
ionised on the majority of nights 
to return a wave of frequency 
te : oar alas equal to 2 Me/sec, and because 
= i sia ae wid sia there are long gaps in the observa- 
Fig. 7. AP during August 10th 1949 after removal of tions as a result of the irregularity 

the effects of the lunar tide from the observations. of the region, it is not possible 
to determine values of AP con. 
tinuously from one day to the next. Since a comparison of the daily and seasonal 
behaviour of the region is important, the seasonal change of P’, observed at noon, 
has been studied. These values of P’ have been observed on the same frequency, 
2-4 Mc/sec, on 170 days during the years 1948 and 1949. Since the results for these 
two years agree well together, they are plotted in Figure 8 as the monthly mean 
noon values of P’. Some of the 
observations of P’ have been re- 
jected. These have all occurred 
when the phase record at noon 
was very irregular, and on these 
days the values of P’ seemed to be 
abnormally low. 
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S = § & > 6. THE ANALYSIS OF THE RESULTS 
Fig. 8. Monthly mean values of P at noon for Region E These results for the daily variation 
observed on 2-4 Mc/sec during 1948 and 1949. of AP and for the seasonal varia- 
tion of P’ may now be compared 

with the variations predicted on the assumption that Region F is a simple region 
of the form described by CHAPMAN [14]. This theory shows that the level of the 
maximum ionisation in the region should vary with 7, the zenith angle of the sun as 


2 = log f(z) (14) 


ki 


where z,, isthe height of the maximum measured in units of H = , the “scale height” 
n 


ug 
of the atmosphere. The function f(z) is approximately equal to sec 7 except when 
zis large. It has been tabulated by CHAPMAN [15]. 
In addition to this variation of the height of the maximum of the region, a wave 
of a fixed frequency penetrates further into the region when the ionisation density 
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in the region is lower, and within the region also account must be taken of the fact 
that the wave is travelling in a medium where the refractive index is less than unity. 
All these effects have to be calculated before the theoretical variation of AP through 
the day, and of P’ through the year, can be found. The steps by which these two 
calculations have been carried out are now described. 


(i) The calculation of AP as a Function of 
First, from equation (14), z,, was determined as a function of 7. Then the phase path 
to a CHAPMAN region with its maximum at a fixed height for a wave of frequency 
f Mc/see was calculated in terms of the critical frequency of the region f, Mc/sec. 
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Fig. 9. The phase path of a wave reflec- Fig. 10. Comparison of the observed and calculated values 
ted from a CHAPMAN region as a function of AP for August 10th 1949. 
of the critical frequency of the region. 


This calculation involved the calculation of the phase velocity of the wave in the 
electron densities met during its passage into the region and back, and then the 
integration of equation (2) over the path to the point of reflection and back. For 
this calculation the full magneto-ionic theory, including the effect of the earth’s 
magnetic field but not the LORENTz term, was used. 

The results of this calculation are given in Figure 9 where AP is plotted as a 
function of (f/f,)? for a wave of frequency 2-4 Mc/sec in the ionosphere over Cambridge. 
The relation between /, and 7 for Region FE above Cambridge was known from the 
published results of routine ionospheric observations, so that Figure 9 was used to 
find the contribution to AP due to the variations of electron density in the region. 

To this contribution, the quantity 2-z,, was added to account for the movement 
of the maximum of the region, giving the total change in 4 P, expressed in units of H, 
as a function of zy. Since the experiments could only measure changes of P, all 
constant quantities were dropped from the calculations of AP. 


(ii) The Calculation of P’ 
For the calculation of P’ the movements of the maximum of the region were cal- 
culated from equation (14). JAEGER [16] has published calculations of the group path 
of a pulse reflected from a CHAPMAN region and he gives P’ as a function of f/f,. As 
before, we may assume that the relation between f, and x is known, so that, by 
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Table 1. Values of H in km derived from the daily A P 





| Average value 
of H in km, with the 
| S.D. of the average 


Number of 


Observations used é 
observations 


By SET uhh, Gicte Oe a See 112 5-7340-13 
NDE PURI T TITS Sh se ass 0? Sy Src eee toe ete 46 5:93 + 0-20 
PUR ETIIOOAS. i kc 6. SB ee oa tai ee eee 66 5:60 + 0-17 
Winter months (November, December, January, February). 12 5-55 + 0-35 


Sovinn eauines (March, April)... 6 6 w 8 Ge 38 5-91 -+ 0-22 
Summer months (May, June, July, August) ....... 37 5:50 + 0-24 
Autumn equinox (September, October) ......... 25 5:90 +- 0-27 





adding JAEGERs results to 2-z,, we get P’ for the wave as a function of 7. JAEGER 

neglects the effects of the earth’s magnetic field in his calculations, but a calculation 

has been made with the full magneto-ionic theory to check that the differences when 
his results are used for the present experiments are small. 

All the occasions on which the daily AP has been observed over a reasonable 

range of y have been analysed by plotting the observed AP, corrected for the 

existence of a lunar tide, against the AP 

calculated by the method outlined above. 

If Region EF behaves as a CHAPMAN region, 

the result should be a straight line, with 

the slope of the line equal to the value of 

H in kilometres. Figure 10 is the plot of 

the results shown in Figure 6 and 7. It will 

be seen that the graph is a straight line 

with a slope of 5-95-+-0-10km. The results 

of the other observations are similar, and 

are summarised in Table 1. In order to 

show any seasonal changes in the slopes of 

the lines, or any difference in the behaviour 

of Region £ in the mornings and after- 

noons, the average values of the slopes have 

- - 1 been calculated for various groupings of 

Coleutated P' [Units of H] the results. The significance of these results 

Fig. 11. Comparison of the observed and caleu- Will be discussed in the next paragraph. 

lated values of P’ for 1948 and 1949. The seasonal change of P’ has also been 

analysed by plotting the observed values 

of P’ against those calculated on the assumption that Region # is a CHAPMAN region. 

The results are shown in Figure 11, which also indicates the standard deviations of 

the individual values of P’. If the assumptions of CHAPMANs theory are obeyed, the 

result of this plot should be a straight line, the slope of which gives the value of H 

in kms. It will be seen from Figure 11 that there is a significant departure from 

linearity in the graph. It appears to be linear over the range of P’ from 225 to 

250 km. This part corresponds to results obtained from the middle of September 

through the winter to the middle of March. The slope of this linear part of the graph 

gives a value of H of 8-4 km. 


km 


hs 
iS 
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Although the measurements of P’ have a much lower accuracy than those of AP, 
it seems quite clear that there is a real departure from linearity in the graph for the 
results taken during the summer months between the middle of March and the middle 
of September. 


7. Discussion of the Results 


The results of the present work may be summarised in the following way. If the 
daily change in the phase path of a wave returned from Region F be explained on the 
assumption that Region # is a CHAPMAN region, the explanation is qualitatively 
satisfactory, but it is necessary in order to get quantitative agreement between 
theory and experiment to assume that, in this region, the magnitude of H is about 
6km. If, however, the seasonal change of group path for a pulse is studied, then 
there is neither qualitative nor quantitative agreement between theory and experi- 
ment. 

If the daily variation of phase path is first considered, it is clear that the small 
value of H derived from the experiments cannot reasonably be accepted as being 
correct for the atmosphere at a height of about 110 km. Even if the constitution 
of the atmosphere at that height is the same as at the ground, a temperature of 
200° K would be required to give a value of H as small as 6 km, while if any of the 
molecules were dissociated an even lower temperature would be required. Estimates 
of the temperature at the level of Region H (WILKEs [17]), which are supported by 
evidence from rocket ascents, lead to a value of about 290° K. If thus appears to be 
unlikely that the small values of H derived from the present experiments can be 
due to a low temperature in Region EL. 


The small value of H required to explain the diurnal variation of phase path on 
CHAPMANs theory might be explained on the hypothesis that the height of reflection 
is affected by a solar tide in Region HZ. The existence of a tide of this kind has been 
indicated by MARTYN [18] and it is of interest to see whether the present experimental 
results can be explained by his theory. 


According to MARTYN, a solar-tidal variation of the height of Region HE would 
cause the curve relating the height to the time of day to be unsymmetrical about 
local noon since, on MArtyNs theory, the height of the layer is affected by the inter- 
action of the current system due to the solar tide with the earth’s magnetic field. 
The current should flow in opposite directions before and after local noon and so the 
effect on the layer height is unsymmetrical about noon. The daily variation of 
phase path, after it has been corrected for the existence of a lunar tide, has been 
examined in two ways to look for this lack of symmetry. First, the time of occurrence 
of the minimum of the daily curve of 4P has been found for all the days when there 
were good observations of AP over the noon period. The average time of this mini- 
mum is given in Table 2 in which the observations are grouped according to the 
season of the year. In a second attempt to establish the lack of symmetry of the 
curves the slopes of the plots of the observed AP against the calculated AP for 
morning and afternoon were studied. It can be seen from Table 1 that there seems 
to be a difference in these slopes, since the values of H derived from the morning 
observations are greater than those from the afternoon observations, as would be 
the case if the fall of the region during the morning were more rapid than the rise in 
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Table 2. The departure from symmetry of the curves of AP against time of day 





Average time Average value of the ratio: 
Observations used of occurrence of the minimum P Hyporning 


(Apparent time) PETER 


BAA. cts oA ece eae, Pama Ace eee be 1145+5 min 1-06 + 0-03 
Wantermmnonins: 2 -s<5 6 SS 1142+ 12 min 1-08 + 0-15 
SRTINP-OGUINOK . . 265... a «<4 1136+5 min 1-11+0-05 
Summer months .<. . 4... 5 . 1151+ 12 min 1-138 + 0-05 
Autumn equinox... . 2.42% 1212+ 11 min 0-89+ 0-10 





the afternoon. The ratios of the values of H derived from mornings and from 
afternoons are given in Table 2, where they are grouped according to the season. 

It will be seen from the second column of Table 2 that, except at the autumn 
equinox, the lowest values of P occur rather before local noon. The fact that the 
figures in the second column of Table 2 are (again except for the autumn equinox) 
greater than unity supports the conclusion that the diurnal variation of height 
of the region is not symmetrical about local noon. Except for the behaviour at the 
autumn equinox these results are in qualitative agreement with MARTYNs theory 
which predicts that the minimum in the height of the layer at the latitude of Cam- 
bridge should occur before local noon. 

Although there is thus some evidence for the existence of a solar tide in Region F 
at Cambridge, it is not yet clear whether tidal movement of this kind couldexplain 
the curiously low values of H derived from the daily change of P, or the anomalous 
variation of P’ observed throughout the season. 
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ABSTRACT 

The paper describes the changes of phase path of radio waves returned from Region F of the ionosphere 
during radio fadeouts. Observations of 105 fadeouts have been made on frequencies near 2 Mc/see and 
it has been possible to determine the collision frequency at the height in the atmosphere where the greatest 
extra ionisation is produced during the fadeout. The collision frequency is of the order of 4 x 10° per see 


and corresponds to a height less than 101 km. 


1. INTRODUCTION 

It is generally believed that a sudden radio fadeout on frequencies near 2 Mc/sec 
is caused by the production of extra ionisation in the atmosphere at a level which is 
below that part of Region # normally responsible for the reflection of waves of this 
frequency. The evidence for this belief comes from the observations of many 
workers that the echoes from Region E and all higher regions are absorbed during 
the fadeout, and that, as was first clearly stated by BERKNER and WELLS [1], 
the electron densities in the maxima of Regions FL, F, and F, do not appear to be 
materially affected by the fadeout. 

The fact that there are very large changes of ionisation density in the lower part 
of the ionosphere during a fadeout rests even more securely on the evidence for the 
considerable changes of reflection height and of reflection coefficient which occur 
for waves of frequencies between 15 kc/sec and 100 kc/sec (BRACEWELL, BUDDEN, 
RATCLIFFE, STRAKER and WEEKES [2]). These waves are returned from heights 
between 70 km and 85 km, so that the existing evidence for the location of the 
level at which the extra ionisation is injected during a fadeout is that there is little 
increase at the maximum of Region F and a considerable increase between 70 and 
85 km. 

The experiments described in this paper were made to determine more precisely 
the height at which the extra ionisation is produced during a sudden fadeout. The 
importance of finding this height has been realised since the work of McNIsH [3] 
which suggested that the upper atmospheric current system necessary to produce the 
magnetic variations associated with a fadeout is an augmentation of the current 
system which produces the normal daily magnetic variation. If the level at which 
the extra ionisation were found, it might provide more evidence for the location of 
the current system responsible for the daily magnetic variation. 

As has been reported previously (FINDLAY [4]) the phase path, AP, of waves of 
about 2 Mc/sec returned from Region £ is reduced during the onset of a fadeout, and 
increases to its normal value after the fadeout is over. This observation was inter- 
preted as showing the introduction of extra ionisation into the path of the wave to 
Region E. This extra ionisation produced the absorption during the fadeout, and 
the change of P was due to the slight departure of the refractive index of the layer 
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from unity. The observations provided measurements of the changes in P and in log o 
in the well known relation, due to APPLETON [5]: 
‘ 
A (log . 0) = .A(P’ — P) (1) 


I9¢ 


where o is the reflection coefficient of the wave, » is collision frequency of the elec- 
trons, P’ is the group path and P the phase path of the wave and A indicates the 
changes of these quantities. It was further assumed that the changes in P and P’ 
were equal in size but of opposite sign, since an accurate measure of 4P’ was not 
possible, and so a value of y was found. As the relation between v and the height 
is approximately known for this part of the atmosphere, a measure of » provided an 
estimate of the height at which the extra ionisation is introduced during a fadeout. 

More recent experiments, described in this paper, justify to a first approximation 
the assumption that 1P—~— AP’ during a fadeout. These experiments, which con- 
sist in measuring AP on two adjacent frequencies during a fadeout, are described 
in paragraph 4. The experimental method by which the observations have been 
made has already been fully described (FINDLAY [6]) and so an outline only is given 
in paragraph 2. All the observations of fadeouts which are available have been 
analysed in paragraph 5, and values are there quoted for the most probable value 
of vy and for the height at which the extra ionisation is introduced into the atmosphere 
during a fadeout. 


2. EXPERIMENTAL METHOD 


The equipment provided continuous records of the phase, the amplitude and the 


group path of echoes from the ionosphere. It consisted of a simple pulse transmitter 
operating on a fixed frequency near 2-4 Mc/sec, and two receivers, one of which 
provided measurements of the phase and group paths while the other recorded the 
amplitude of the echo. For the observations of 4P on two frequencies, described in 
paragraph 4, a separate similar equipment was used, on a frequency near 2-0Mc/sec, 
but this second equipment did not record the amplitude of the echoes. 

The record of the phase was obtained by supplying to one of the receivers a radio- 
frequency signal of a frequency slightly less than the transmitted frequency, and 
of adjustable amplitude. This signal came from a stable local oscillator, which op- 
erated for about 3 msec after the start of alternate transmitted pulses. There was a 
constant phase relation between the radio frequencies in the transmitted pulse and 
from the local oscillator. The echo from the ionosphere and the signal from the local 
oscillator reached the detector stage of the receiver and beat together, so that the 
output of the receiver showed on a linear timebase a short sinusoidal trace instead of 
the echo. Changes of phase of the echo showed themselves as movements of this 
trace, which was recorded photographically so that changes of phase of the echo 
showed as sloping lines on the film. The amount by which P had increased or 
decreased was found by counting the number of these lines which appeared or dis- 
appeared on one side of the echo. Each line indicated that P had changed by one 
wavelength of the transmitted frequency, so that the change of P ina given time was 
found by counting the number of lines which appeared on one side of the echo in 
that time. Timing marks were put on to the records at regular intervals from a 


standard clock. 
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The local oscillator and the display unit associated with the measurement of 
phase were only operated with alternate pulses from the transmitter, and the other 
pulses, unmodified by the local oscillator, were received and displayed on a second 
timebase triggered alternately with the first. This timebase displayed a normal 
record of P’, and it was photographed on to continuously moving paper to give a 
record from which P’ was measured. 

The echo was selected with an electrical gate and passed to a circuit which meas- 
ured its amplitude and recorded it on a pen recorder. The deflection of the recorder 
was approximately proportional to the logarithm of the average amplitude of the 
echo taken over a time of about one second. The apparatus was calibrated from time 
to time with a pulsed signal generator. The electrical gate automatically followed 
the echo if it changed its position on the timebase, and if the echo faded the gate 
searched for it and locked on to it again*. 

If the sensitivity of the apparatus remained constant it would be possible to 
interpret the changes of the amplitude of an echo as changes in the reflection coef- 
ficient of the region. Observations of the changes of amplitude over the times of 
occurrence of fadeouts are used in this paper, and these changes were so rapid that 
it has been assumed that the apparatus did not change its sensitivity. 

The measurements of 4P could be made to an accuracy of one wavelength of 
the transmitted frequency, i.e. about 125 ms. The record of P’ could only be read 
to the nearest 2 km, so that it has only been used when that accuracy would suffice. 
As will be shown later, it has been necessary to get information of the changes of P’ 
during a fadeout from the more sensitive observations of 4P on two adjacent fre- 
quencies. 

3. THEORETICAL DISCUSSION 

The relation between the phase and group paths, the reflection coefficient and the 
collision frequency given in equation (1) is only true in the case when » is constant 
throughout the region which is ionised, and when there is no magnetic field present. 
The relation can be extended to the case of a wave propagated in the presence of the 
-arth’s magnetic field, provided the propagation can be described by the “‘quasi- 
longitudinal” approximation (BOOKER [7]). Since this approximation is valid when 
the refractive index of the region is nearly equal to unity, it can safely be used in the 
present measurements. The modified form of equation (1) is, for the ordinary wave: 

A (log 0) = ”-. A(P’ — P) (2) 


Ze f+fit 


in which /, is the frequency of gyration of an electron in that component of the earth’s 
magnetic field which is along the direction of propagation. Testswith polarised aerials 
have shown that the ordinary wave is by far the greater on 2 Mc/sec during the day, 
so that equation (2) may safely be used. 

In considering cases which are likely to be met with in the ionosphere we must 
allow for a variation of vy through the ionised region. The most likely assumption is 


that 
y= v,exp|— _ ] (3) 


where », is the value of y where h= 0 and H is the “‘scale-height”’ of the atmosphere. 
* Tam indebted to Mr. G. G. Yates, The Observatory, Cambridge, for considerable help in the design 


of this equipment. 
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When both » and J, the electron density, vary with height, equation (2) is 
clearly no longer applicable. If the variation of N with height is also assumed, it is 
possible to calculate the relationship between »,, 0, P, and P’. Three possible ways 
in which the ionisation density could vary with height have been assumed, and this 
relation has been deduced for each. The three variations are those listed in Table 1, 
and it was found that, if the changes of P and P’ produced by the region were not 
too large, all the calculations led to the conclusion that equation (2) should be 


replaced by: 
A (log 9) = Pe : a iz AP Fj (4) 


where K is a numerical constant which depended on the size and shape of the region. 


Table 1. The heights at which v is measured when the ionisation varies with height in different ways 





Assumed variation of ionisation with height Height at which v is measured 


Rectangular region 
N=N, 0<sh<s4H 
N = 0 elsewhere 


0-49 H below the centre of the region 


Parabolic region 

h h? ‘ : : 
—-—,] 0-33 H below the maximum of the region 

Ym Ym 

where y,, the half-thickness of the region is 2 H 


r/19 


CHAPMAN region 
N=WN, exp 3(1—z—e-*) where 2=h/H 


7) 


0-08 H above the maximum of the region 





This shows that the value of y which is obtained by an application of equation (2) 
to any experimental results will in fact be a constant, which depends on the unknown 
variation of N with height, multiplied by the value of y, at the fixed level h=0 in 
the region. This value of the collision frequency, K v,, occurs at a level in the region 
which is different from the level h= 0, and the height in the region at which it occurs 
is also given in Table 1. 

A study of Table 1 shows that in a rectangular region the measured value of » 
lies about half a scale height below the centre of the region. In the case of a parabolic 
region and a CHAPMAN region, the measured y» lies at a height even closer to the max- 
imum of the region. 

The calculations for a CHAPMAN region were made by using the results of JAE- 
GER [8] who has calculated the group path and the absorption of a wave for a region 
of this kind. 

The results in this table suggest that, although it is not known how the ionisation 
varies with height in the region which produces the fadeout, the use of equation (2) 
to derive values of » from the results will give a value which closely corresponds to 
that at the level where the greatest ionisation exists. Equation (2) has therefore 
been used to derive values of » from all the observations. 

Before any use can be made of the observed changes in P to determine 7, it is 
necessary that the change in P’ should also be known. A direct measurement of this 
change is very difficult, since it may be assumed that it is only of the same order as 
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the change of P, that is, about 2km. At the start of a fadeout the echo amplitude 
is varying rapidly, and these are just the conditions when measurements of P’ 
by the ordinary methods of measuring the time of travel of the pulse are least reliable. 
There is, however, another method by which the change in P’ may be determined. 
APPLETON [9] has drawn attention to the general relation between P’ and P expres- 
sed in the equation: 
Pa Pe HS) (5) 
df }° 
If A denotes changes in quantities with time, at, for instance, the start of a fadeout, 
this equation can be written: 
2 
AP’ =AP+}.A(). (6) 
df , 
Observations of AP can be taken with two separate equipments on two neighbouring 
frequencies, and the relation between the AP at the higher frequency f+ df to the 
AP at the frequency f will be: 
; Ap__{ad 
APy4.5;-4P, =| FT, 
(7) 


Equations (6) and (7) can be combined to give: 


AP’ =AP+ Z (AP,.5;—4B) (8) 


an equation which shows that measurements of the changes of phase path on two 
adjacent frequencies can give a measure of the change in group path. 

If it could be assumed that Region £ was entirely unaffected by the fadeout, and 
that all the changes were due to the formation of a new region below it, then it would 
be safe to assume that changes in P and P’ produced by this second region were equal 
and opposite. This assumption could be justified if the refractive index of the new 
region departed only slightly from unity, since the difference between P and P’ 
may be written approximately as: 


If, however, there were a small decrease in the height of reflection of the waves in 
Region F at the start of a fadeout there would be corresponding decreases both in 
P and P’. Only if measurements of JP and AP’ are made is it possible to exclude 


this possibility. 


4. OBSERVATIONS OF THE CHANGES OF P ON TWO FREQUENCIES 
Records of the changes of phase path AP have been made simultaneously on fre- 
quencies of 2-0 and 2-4 Mc/sec by the method outlined in paragraph 2. The outputs 
from the two equipments were displayed on the same timebase, so that the records 
of AP appeared side by side on the film. A record obtained in this way is reproduced 
in Figure 1, which shows the start of a fadeout. This record is analysed in Table 2 
which shows the values of JP measured on the two frequencies over the same time 
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interval. In this experiment, the factor f/f was 7:3, so that it can be seen from 
equation (8) that AP’ was + 1-2 km for the frequency of 2:385 Mc/sec. Since 4P 
for this frequency was — 1-26 km, it is evident that for this fadeout the changes 
of P and of P’ were of almost equal magnitude but opposite sign. 


2-058 Mc/sec 


— aw. 


—_- —_ co ee em we mm He = 





2:385Mc/sec 


SSS. 


| | 
1219 1220 Wit 1220 
GMT, 





Fig. 1. Changes of phase path observed on two frequencies during a fadeout on July 27th 1949, 
g g I ] 1 5 . 


Since the experiment of observing on two frequencies was started in April 1949, 

30 fadeouts have been recorded. Although few of these have shown records as good 
as that reproduced in Figure 1, in every case the change in P’ has been of opposite 
sign to the change in P. In several cases, however, there has been some evidence 
that the magnitude of AP’ 

Table 2. Analysis of the fadeout of Figure 1 has been less than the magni- 

tude of AP. The records which 
show this are more disturbed. 
and the phase traces are more 
irregular, than that shown in 
Figure 1. An example of this 
irregularity in the phase of the 
echoes has been described in 





Frequency Decrease in P Decrease in P A P 3.385 Ar 
Mc/sec in wavele ngths in km A P2.958 km 


2-058 1] 1-60 


2-385 10 -26 





previous paper (FrxpLay [6]). Its occurrence has made the precise determination 
of AP’ from the experiment on two frequencies difficult. When these irregular 
conditions occur, it is possible to measure the value of AP on one frequency to 
within a few hundred metres, but this accuracy is insufficient to allow of a good 
measure of 4P’, since that measure depends on the difference of the values of AP 


on the two neighbouring frequencies. 

Despite this difficulty, it is considered that the results of these experiments on 
two frequencies justify the assumption, as a first approximation, that the changes 
in P’ and in P during a fadeout are equal in magnitude and opposite in sign. In 
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what follows we shall make this assumption in order that we may analyse the much 
more numerous observations, which have accumulated since June 1946, in which the 
changes in P using one frequency only were observed. The effect of this assumption 
on the results of the experiment will be considered in the next paragraph. 


5. THe RESULTS OF ALL THE OBSERVATIONS 


One hundred and five fadeouts, including those for which records on only one fre- 
quency are available, have been observed since June 1949. Reports of most of these 
were received from the Cable and Wireless station at Brentwood, and the kindness of 
the Engineer in Chief of Cable and Wireless is supplying both written and telephoned 
reports of fadeouts is gratefully acknowledged. If no report of a fadeout was 
received from Cable and Wireless, it was only included in the analysis if a sharp and 
considerable diminution of the echo emplitude was observed at Cambridge. Only 
about 10% of the fadeouts were not reported by Cable and Wireless, and these were 
usually of short duration, so that they were likely to be missed unless the watch 
were continuous. 

The value of » for each fadeout was derived from equation (2) by using the 
observed values of AP and A (log 9). AP’ was assumed to be equal to —AP. f;, was 
taken to be 1-20 Mc/sec for Region # over Cambridge. In reading 4P and A (log o) 
from records where the echo faded completely the changes from the time the echo 
started fading to the time when it had faded completely were taken. In some of the 
fadeouts it was possible to determine also the changes of these quantities while the 
echo was increasing in amplitude after the fadeout. The values of » derived from 
such records at the start and at the end of the fadeout were the same within the errors 
of observation. Some of the fadeouts were not intense enough to cause a complete 
disappearance of the echo. Jn these records it was possible to follow the phase and 
the amplitude of the echo throughout the fadeout, and to plot a graph between 
AP and A(log 0). The value of » was then derived from the slope of this graph. 

The errors in reading 4P from the records depended almost entirely on the irreg- 
ularity in the phase of the echo. When there was very little irregularity, 4P could 
be measured to the nearest half-wavelength, that is, to within about 60 m. When the 
phase was irregular, the errors in measuring 4P could amount to as much as | km. 

Similar difficulties arose in measuring A (log ¢) when the phase was irregular. 
Under those conditions, the amplitude varied rapidly, and the change in amplitude 
during the fadeout had to be estimated by taking the average amplitude over a time 
considerably longer than the fading period. Although the possible errors in measur- 
ing the change in amplitude of the echo under these conditions were large, the 
resulting errors in the determination of » were considerably smaller, since the loga- 
rithm of the reflection coefficient was involved. 

The results of all the observations are summarised in Figure 2, which shows in the 
form of a histogram that » usually lies between 2. 10° per sec and 6. 10° per see, 
with a mean value of: 

y = (4:43 + 0-20) x 10° per sec. 


A considerable part of the spread in the values of vy must be due to the experimen- 
tal inaccuracies which have already been mentioned. Nevertheless it is possible that 
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the value of v is different at different times of the day or year. An attempt has been 
made to discover any such variation. Since it is certain that the region that causes 
the fadeout is produced by radiation from the sun, it is likely that the maximum of 
ion production in that region should be formed at a level in the atmosphere which 
depended on the value of 7, the zenith angle of the sun. Accordingly, all the values 
of vy have been divided into two groups, with approximately equal numbers of ob- 
servations in each group. One group contains all observations when 7 was less than 
54°, and the other all observa- 
tions when 7 was greater than 
54°. The average values of » in 
these two groups are given in 
Table 3. 
re The results in this table lend 
some slight support to the view 
that y is larger for the smaller 
values of vy. This result is in 
agreement with the suggestion 
t that, when the sun is nearer the 
pina . zenith, the ionisation causing 
Fig. 2. Histogram of the observed values of the collision the fadeout is produced lower 
frequency. in the atmosphere, where the 
values of v are higher. 
































We now attempt to fix the height in the atmosphere at which » has the value 


found from these experiments. To do this, we summarise the results of various ex- 
periments in which the values of » at various heights in the atmosphere have been 
determined. The collision frequency has been measured in Region F at the level 
of the ionisation maximum by the method in which increased absorption is related 
to increased group retardation near the penetration frequency. This method has 
been used by FARMER [10] and also 
Table 3. Relation between v and 7 by B.H. Briggs in some recent work, 
which is to be published shortly. A 
measurement of v at a lower height 
has been deduced from observations 
of ionospheric cross-modulation (SHAW 
[11]). A survey of the results of all 
the available measurements of », made 
by Brices*, leads to the conclusion 
that between the levels of 90 km and 130km in the atmosphere, equation (3) 
adequately describes the variation of » with height, if H, the “‘scale-height,” 
be taken as 8-Okm. To fit the results most closely equation (3) should be written 
in the form: 





No. of Mean value of v with 


Grou } . . . . 
I observations its standard deviation 





o4 60 (4-64-+ 0-40) x 10° 
54 45 (4:15+.0-19) x 105 





1-8 10% exp | 1 — 90 , 
*8 x 10° exp {| — a } (9) 


where / is the height in km measured above the level of 90 km. 


* T am indebted to Mr. Brices for permission to use his results here. 
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With this knowledge of the variation of » with height in the part of the atmo- 
sphere in which we are interested, the value of » which we have found in the present 
experiments can be associated with a definite height, by the use of (9). This height is: 


101+ 2 km. 


6. Discussion OF THE RESULTS 
The arguments of paragraph 3 show that the value determined for » by the methods 
of the previous paragraph applies approximately to the height at which the extra 
ionisation is a maximum. It therefore appears that this ionisation has its maximum 
at 101 km. This height is somewhat greater than would have been expected in view 
of the fact that there seems, in the present experiments, to have been no great change 
in the electron density of Region F itself during the fadeouts. Our estimate of » 
depends on the assumption that AP and AP’ are equal and opposite, and we have 
given reasons in paragraph 4 for thinking that, in most cases, they are related in this 
way. If, as DremMiInGER and GEISWEID [12] have found for an intense fadeout, the 
electron density of Region E were markedly increased, the observed magnitudes of 
AP and AP’ would both be altered in the same sense by a change of the height of 
reflection and our previous assumptions would be incorrect. The effect on our results 
would be a reduction of the level deduced for the maximum ionisation of the extra 
layer. The result quoted at the end of paragraph 5 should therefore be regarded as 
an upper limit for the height of the maximum of the layer which causes the fadeout. 
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Indices of geomagnetic activity 


of the Observatories ABINGER (Ab), ESKDALEMUIR (Hs) and LERWICK (Le) 


January to July 1951 


The figures given on pages 376 to 380 represent the K-indices for three-hour intervals, 
beginning with 00.03 hrs for the first and ending with 21-24 hrs for the eighth figure. 


January 1951 





Ab Es Le 
ie Range for K= 9: 500y saad a K=9: 750y incl “ ~ =O er | Day 


K-Indices Sum K-Indices Sum K-Indices Sum 


3233 3333 2% 3211 2322 16 3121 2323 
3333 4353 y 2332 3343 23 3332 3243 
3423 3233 y 3422 2133 20 3431 2133 
2212 1222 2200 1212 10 2111 0223 
1122 2344 1000 2243 12 ll11l 2244 
1102 2230 1110 1020 6 1111 1031 
Oll1l 2212 0120 1101 ) O1l11 1102 
2022 3321 é 2022 3210 2011 2211 
1222 2111 y 1112 2000 1111 1001 
1111 1544 é 1010 1433 1110 1453 
5132 2344 5122 1234 4122 1244 
3333 3332 3332 2222 3332 2222 
2332 2243 y 2332 2143 3322 1143 
3322 3333 2% 3223 3333 y 3222 2333 
4322 3334 i 4322 3234 3321 3234 
4123 4445 y 3212 3344 3122 3335 
4322 1211 ) 3321 1111 ‘ 3331 1112 
1112 3323 ) Oll1l 2203 1111 2213 
3231 3344 2% 3221 2234 ‘ 3211 2235 
4212 2211 f 3111 2200 4211 2201 
1023 4445 y 1002 3435 1002 3545 
4444 5466 4443 4455 5443 4455 
4234 3354 4233 3343 4323 3343 
1222 3132 1222 3222 1212 2122 
1212 3133 1121 2133 1221 2133 
0113 2444 g 1011 2343 i 1111 2354 
3332 3333 y 3332 2333 y 3322 2223 
3333 3354 y 3222 3354 3322 2353 
1333 2333 y 1223 2224 ; 1222 1224 
3233 2334 2121 2334 2222 2334 
4554 4445 i 4454 3445 3554 3454 
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Ab Es Le 
Range for K=9: 500y Range for K=9: 750y Range for K=9: 1000y 


Day | feet tas Day 


K-Indices | Sum K-Indices Sum K-Indices Sum 


5432 2144 
1210 1113 
1110 1122 
0012 2331 
0222 3255 
6432 2221 
2221 2233 
3112 2583 
3332 4455 
3332 2135 
4422 2435 
4432 3454 
3323 3244 


4432 3244 j 4422 2143 
2221 1212 : 2100 1102 
1112 1212 1000 1112 
0023 3332 j 1023 2332 
1233 4344 1222 3344 
5544 2322 5433 2211 
3221 2333 2221 2222 
3122 2564 é 3112 2464 
2333 4445 2332 3444 
4343 3345 3332 2245 
4323 3445 4212 2444 
5543 3464 5433 3454 
3333 3344 y 3323 3344 
2233 3243 2112 2243 2212 2243 
1123 2223 ) 1110 +1013 1111 1123 
0122 1221 1000 0011 1000 Olll1 
0021 2233 0001 0032 j 0001 0133 
3233 2342 y 3113 2332 3112 3332 
1223 3333 1123 2223 j 1113 2223 
3112 2211 2112 0000 5 2111 1110 
2222 3333 y 1221 3323 1211 2233 
4444 5456 5 3344 4455 33 4333 4556 
5455 4566 5444 5456 6444 5456 
4434 3644 y 4333 4543 2 5333 4444 
3223 2335 3222 2325 3212 2335 
2223 4442 1222 3442 2222 3442 
6433 4555 é 6433 3444 7643 3333 
5555 4434 4554 4433 4764 4334 
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March 1951 





K-Indices Sum K-Indices Sum K-Indices Sum Day 


4433 3311 92 | #3093 3818 | | 4322 2211 17 
0113 3313 | 0012 3213 {| 12 | 0012 2212 
2232 2211 | 198% 2210 | 2231 1211 
0232 2114 | 0222 2114 | | 0221 2213 
1132 2211 0122 2210 | | 1122 1211 
1353 4333 25 | 1242 S238 | : 1232 3233 
3334 5455 2 | 3223 5455 | 29 | 3312 4466 
3235 4555 2 | 3234 3554 | 3224 4445 
4333 3344 | 4333 3345 | 4333 3347 
4443 4354 4442 4344 | § 5633 3344 
4333 3453 | 4332 3453 | | 4282 3453 
4334 4353 9 | 4334 4353 | 4343 3342 
2334 4466 2 | 2223 4565 | : 3323 4787 
4433 4463 | 5332 3463 6442 4475 
5433 3321 | 6332 2220 | 7322 2211 
0234 4444 25 0223 3343 | 0223 2344 
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March 1951 (Continued) 





Ab Es Le 
Range for K=9: 500y tange for K=9: 750y Range for K=9; 1000y 


Day Day 


K-Indices Sum K-Indices Sum K-Indices Sum 


2133 3333 
2223 2234 
3221 1221 
0112 3311 
1111 1213 
3223 4776 
5423 3354 
4323 3343 
3412 3214 
3322 3234 


2244 4433 26 2144 3323 
3334 3334 26 2234 3224 
Sooo Galal 18 sa22 121) 
Li23° S3il f 0003 3311 
1122 3134 1111 1124 
4324 4555 oa 3324 4555 
Baza 305D : 4322 3344 
3233 3354 26 3223 3353 
3424 3313 me 3413 3213 
3133 3344 y 3233 2244 
3322 3333 2s 3321 3322 3422 2323 
alll . 222) : 2010 2211] 2211 1211 
1344 4344 ; 1343 3344 5 1343 3554 
4213 3222 ¢ 3112 3212 f 4212 2112 
La33 “Zest 1122 2321 1122 2331 
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K-Indices Sum K-Indices Sum K-Indices Sum 


2101 1224 13 
3321 3545 26 
6433 4564 35 
4543 4536 34 
6654 4344 36 
3443 3466 33 
5533 4445 33 
5432 3345 29 
3322 3442 23 
6422 3233 25 
3321 2215 19 
4421 2236 24 
7424 5435 34 
4323 3323 23 
Z2EIZ 3332 17 
3100 1214 12 
4221 2211 15 
0134 6556 30 
5222 2225 22 
4232 3667 33 
6644 4335 35 
5534 5554 36 


Zize ASS 14 2011 1223 
3332 3544 ef 3321 3544 
4334 4554 32 4333 4554 
4443 4534 31 4443 4535 
4435 4344 31 4444 4344 
3433 4455 31 3433 4455 
5433 3444 30 4423 3434 
4332 3344 26 4332 3334 
3333 4343 26 3333 4332 
4233 3243 , 4332 3233 
3222 3314 3221 3214 
4233 3335 3221 2335 
5434 5435 5434 5335 
4333 3333 2! 3333 3223 
2122 3332 8 2112 

S112: i213 y 2001 

4222 3321 ( 322] 

1146 7655 35 0035 

5333 3314 2! 4223 

2332 3455 ; 2322 

5434 4313 : 4434 

4434 4443 d 4334 

3432 3212 2 3432 4631 3212 22 
1344 5454 : 1343 5E 1343 5565 32 
4433 3553 : 5533 355 5543 3555 35 
5212 2320 5221 7211 1320 

0123 ‘S333 112] 1021 3333 

3123 2221 j 3122 2 3221 1221 
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1122 2111 O11] 1111 1101 
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May 1951 





Ab Es Le 
Range for K= 9: 500¥ Range for K=9: 750y Range for K=9: 1000y 


Day Day 


K-Indices Sum K-Indices Sum K-Indices Sum 


4344 3466 34 3343 2467 3: 3434 3568 36 
6244 5566 38 6234 5 8334 5465 38 
4133 355: 29 4123 3455 2 6223 4445 30 
5334 5 : 5324 52 29 5523 4342 28 
1132 22% O1lL1 22% 1211 1214 13 
4332 234: 2 3222 4332 23 
2221 2332 2221 16 
0021 23: 2 1000 
1233 «é 1122 
3444 6543 y 3444 
3233 33: y 2233 
4332 35: 26 4231 4322 
1122 2% 1011 1110 
3323 : ye 3322 3: y 3322 
4323 4322 3332 Pe 5422 3333 
4423 4423 2332 y 4532 3224 
4433 3433 344: y 4444 4444 
4324 4323 
3222 2212 
2222 2321 
1212 0022 
3211 2202 
3224 2213 
4323 3322 
2233 1223 
3323 3223 
5423 5423 
3322 2222 
0143 1133 
1134 1124 
2313 2212 
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June 1951 





K-Indices Y K-Indices ‘ Sum Day 


4432 
3433 
3211 
4323 
2322 
4321 
4222 
4423 
4410 
3321 
3432 
2333 
3222 
2554 


4433 


3332 4443 
1323 3443 
4222 3222 
1123 3333 
3322 3332 
2355 4321 
2332 4232 
3322 4533 
4223 4501 
0013 4331 
3323 3433 
3333 3333 
3233 422% 
1113 1554 
4333 4433 
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K-Indices 


June 1951 (Continued) 





Ab Es Le 
Range for K=9:500y Range for K=9:750y Range for K=9:1000y 


K-Indices Sum K-Indices Sum K-Indices Sum 


3333 2% 3222 3433 2% 4222 3333 
1546 é 2122 0549 25 | 2112 0439 
3424 : 553-3433 | 9754 2322 
3531 28 543 3521 26 | 3644 «3522 
2114 3112 2113 3112 1114 
3312 3322 | 1232 3222 
3332 3322 | 2112 3222 
2222 1222 | | 3221 1212 
3233 2222 | | 1112 2122 
5544 5444 | 29 | 2333 5556 
3232 2222 | 3332 2222 
2523 2523 é 2231 2412 
3323 3223 g 2222 2213 

3332 2212 3233 
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3331 3231 | 2233 2231 
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July 1951 





K-Indices Sum K-Indices Sum K-Indices 


3223 3355 26 3212 2356 | 4312 3359 
6655 3544 3 7854 3443 9874 3434 
3433 4443 28 3333 4443 4332 4444 
3433 3334 26 3433 2333 4542 3334 
3333 3322 22 2233 3221 4232 3222 
1113 3432 8 1122 3432 2212 3323 
2122 2323 1112 2323 : 2112 2323 
3223 2333 y 2112 2333 2112 1224 
3422 3542 2: 3312 3442 2 | 4422 3442 
3132 3331 ‘ 2122 2331 2122 2222 
1133 3332 1121 3331 é 1121 3223 
2223 3322 1112 2312 2112 2322 
3322 1222 3212 2221 H 4212 1211 
2123 2323 8 2122 2212 1122 2113 
2122 2435 2 2111 2334 |} 2111 2325 
3424 5543 : 3414 5532 | 3323 4432 
3345 4442 2§ 2334 3442 5 | 2233 3442 
3344 4533 2s 2333 4533 | 2333 4433 
1233 333] 1222 2331 | 1221 2331 
3323 3312 y 3322 3312 3321 3321 
3232 2321 3221 2221 5 2223 2321 
2454 3543 ‘ 2443 3543 8 6) = 8443 3.444 
5334 3333 27 5233 2232 2 | 6423 2223 
1232 3311 2221 3211 2221 3211 
1223 3433 y 0122 3432 | 1122 3333 
3444 4424 2s 2443 4424 y | $443 4525 
4234 2334 2: 4233 2323 2 | 4483 2324 
4534 4553 3: 3533 3543 4533 3544 
3423 3332 2% 2322 3331 3322 3323 
2223 3344 2: 1223 3343 3223 3334 
3443 4545 32 3433 4555 y 4443 6765 


] 
2 
3 
4 


) 
) 


~ 


OO =] 





aS Ore OD = 


Ddovyynwnwnnne 
© 00 <3 ¢ ¢ 


Co © 
—_— © 





380 








